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I.  iimcHNicnM 


The  concern  for  control  of  cheaical  substances  has  grown  rapidly  during  the 
period  froa  the  late  1960 's  to  the  present  as  evidenced  by  the  nuaber  of  laws 
passed  by  Congress.  Each  law  required  several  aonths  of  hearings  and  testiaony 
serving  to  increase  the  public  awareness  towards  cheaical  hazards. 

The  United  States  Coast  Guard,  by  virtue  of  the  Federal  Hater  Pollution 
Control  Act,  as  aaended;  the  Coaprehensive  Environaental  Response,  Coapensation, 
and  Liability  Act  of  1980  (CERCLA);  and  the  National  Oil  and  Hazardous 
Substances  Pollution  Contingency  Plan,  provides  the  predesignated  Federal 
On-Scene  Coordinator  (OSC)  for  response  to  hazardous  cheaical  releases 
occurring  in  the  coastal  zone.  Great  Lakes  waters,  and  specified  inland  ports 
and  harbors.  This  responsibility  includes  the  containaent,  reaoval,  cleanup, 
and  disposal  of  a  large  variety  of  hazardous  cheaicals  which  have  greatly 
varying  cheaical,  physical,  physiological,  toxicological,  and  ecological 
properties. 

Most  pollution  control  aeasures  have  eaphasized  reaoving,  or  to  soae  degree 
reducing,  the  potential  hazardous  effects  of  petrocheaicals  on  the  aquatic 
environaent.  With  the  Coast  Guard  expanding  its  Cheaical  Hazards  Response 
Inforaation  Systea  (CHRIS),  it  has  becoae  evident  that  response  techniques 
require  aodification  or  new  developaent  to  cover  the  ayriad  of  potential  hazards 
which  aay  be  encountered  by  spill  response  personnel. 

Hazardous  cheaicals  idiich  float  on  water  present  hazards  to  spill  clean-up 
personnel  not  usually  associated  with  oil  spills.  Many  cheaicals  which  are 
transported  across  waterways  are  toxic  and  can  develop  flaaaable  vapor  clouds 
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which  could  lead  to  a  resulting  explosion.  In  order  to  properly'  protect  the 
personnel  involved  with  clean-up  weasures  and  to  reduce  the  iapact  on  the 
environaent,  aethods  for  treating  and  handling  floating  hazardous  spills  need  to 
be  developed  and  docuaented. 

The  objectives  of  this  prograa  were  1}  to  deteraine  which  of  the  CRKIS 
cheaicals  will  float  and  require  a  reduction  in  flaaaability  or  toxicity  in 
order  to  be  contained  and  recovered  safely  froa  a  waterway  if  spilled,  2)  to 
evaluate  the  state-of-the-art  of  containaent  and  recovery  of  floating  hazardous 
cheaicals  and  identify  areas  where  i^>roveaent  (i.e.,  reduction  in  flaaaability 
and/or  toxicity)  can  be  aade,  and  3)  to  propose  developaent,  test,  and 
evaluation  prograas  for  those  areas  identified  in  the  second  objective  where  the 
Coast  Guard's  ability  to  reduce  flaaaability  and  toxicity  can  be  iaproved. 

k  literature  review  was  conducted  to  evaluate  the  available  spill  contain¬ 
aent  and  recovery  aethods  and  techniques.  The  purpose  of  this  review  was  to 
deteraine  the  feasibility  of  applying  these  aethods  and  techniques  toward  the 
containaent  and  recovery  of  floating  hazardous  cheaicals.  The  characteristics 
of  the  cheaicals  of  concern  were  reviewed  as  well  as  the  basic  concepts,  opera¬ 
tional  conditions  and  liaitations  of  the  presently  available  spill  technologies 
in  order  to  deteraine  which  techniques  have  the  aost  potential  for  further 
developaent.  Knowledge  obtained  through  case  studies,  along  with  the  expertise 
and  experience  of  those  personnel  tasked  with  responding  to  hazardous  cheaical 
spills,  were  coabined  to  evaluate  all  aspects  necessary  to  assess  the  candidate 
technologies.  Specific  deficiencies  and  probleas  inherent  in  the  present  tech¬ 
nologies  have  been  identified. 
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Areas  with  deficiencies  requiring  acre  investigation  include:  1)  the 
coapatibility  of  foaas  with  floating  hazardous  cheaicals;  2}  the  environaental 
effects  on  the  effectiveness  of  foaas  on  floating  hazardous  cheaicals;  3)  the 
compatibility  of  materials  used  in  constructing  spill  mitigation  equipment  with 
floating  hazardous  chemicals;  and  4)  the  effect  of  recovery  equipment  on  the 
effectiveness  of  foams. 

The  remainder  of  Part  I  is  organized  according  to  the  following  format: 
Section  II  outlines  the  approach  to  the  classification  of  CHRIS  chemicals; 
Section  III  reviews  and  discusses  existing  clean-up  technologies,  procedures, 
and  case  studies;  and  Section  IV  discusses  preparation  of  test  and  evaluation 
plans  for  subsequent  action.  The  summary  and  conclusions  are  presented  in 
Section  V.  A  list  of  the  physical  and  chemical  characteristics  of  floating 
CHRIS  chemicals  is  given  in  Appendix  A.  Groupings  of  these  sane  chemicals 
according  to  degrees  of  toxicity  and  flammability  are  presented  in  Appendix  B. 
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II.  iPPsa&CH 


To  properly  assess  the  potential  hazards  and  difficulties  which  could  be 
encountered  in  coabating  a  floating  hazardous  cheaical,  it  was  necessary  to 
develop  criteria  to  deteraine  what  constitutes  a  floating  hazardous  cheaical. 
Three  aajor  properties  ~  floatability,  flaaaability,  and  toxicity  —  were 
reviewed  for  all  of  the  CHRIS  cheaicals  in  order  to  deteraine  if  they  aeet  the 
following  guidelines: 

FLOATIBILITY  CRITERIA 

The  following  criteria  were  established  for  deteraining  if  a  particular 
cheaical  floats: 

o  The  cheaical  should  have  a  specific  gravity  of  1.05  or  less.  This  value 
is  used  to  account  for  teaperature  variations  and  the  salinity  of  sea 
water. 

0  The  cheaical  should  be  iaaiscible  or  only  slightly  soluble  in  water.  If  a 
cheaical  is  slightly  soluble,  it  aay  float,  depending  on  the  size  of  the 
spill,  the  size  of  the  body  of  water,  and  the  environaental  conditions 
present  in  the  spill  area.  Due  to  the  varying  aethods  of  recording 
solubility  data  in  the  literature,  cheaicals  listed  as  insoluble, 
slightly  soluble,  and  soluble  up  to  25  g/lOOal  are  included  in  this 
study. 

All  the  CBSIS  cheaicals  aeeting  both  of  the  above  criteria  have  been 
classified  as  floating  cheaicals  for  the  purposes  of  this  study. 
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FLAMNABILITT  CRITERIA 


To  establish  criteria  regarding  flamability,  the  National  Fire  Protection 
Association's  (NFPA)  rating  of  flamability  hazards  was  adopted.  The  NFPA 
systee  ranks  the  degree  of  flanability  froe  1  to  4  based  on  the  cheeical's 
susceptibility  to  burning,  with  a  rating  of  4  denoting  the  greatest  flanability 
hazard  and  0  the  least  hazard.  A  detailed  description  of  the  rating  systea 
follows . 

Rating  4;  A  rating  of  4  is  given  to  very  flaaaable  gases  and  very  volatile, 
flaaaable  liquids.  Liquid  and  gaseous  aaterials  which  are  liquids  under 
pressure  fall  into  this  category  if  they  have  a  flash  point  below  and  a 

boiling  point  below  lOO^’F.  This  category  includes  gases,  cryogenic  aaterials, 
and  those  aaterials  which  readily  fora  explosive  aixtures  in  air. 

Rating  3;  A  rating  of  3  includes  those  liquids  and  solids  that  are  ignitable 
under  alaost  all  aabient  teaperature  conditions.  Liquid  aaterials  with  a  flash 
point  below  73®F  and  a  boiling  point  at  or  above  100®?^  and  liquids  with  a  flash 
point  between  73®F  and  100®F,  are  included  in  this  rating.  Also  included  in 
this  category  are  coarse  dusts  which  are  flaaaable,  but  not  explosive,  in  air; 
shredded  or  fibrous  solid  aaterials  which  burn  rapidly:  aaterials  which  burn 
with  extreae  rapidity,  usually  because  of  self-contained  oxidizers;  and 
aaterials  which  spontaneously  ignite  in  air. 

Rating  2;  Materials  with  an  NFPA  rating  of  2  aust  be  aoderately  heated  before 
ignition  can  occur.  They  way  also  ignite  under  high  aabient  teaperatures . 
Liquids  having  a  flash  point  between  100®F  and  200®F  are  included  in  this 
category,  as  are  those  solids  and  seai-solids  which  release  flaaaable  vapors. 
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Rating  1;  &  rating  of  1  is  givan  to  naterials  that  aust  be  preheated  before 


ignition  can  occur.  These  aaterials  will  bum  in  air  when  exposed  to  a 
tenperature  of  ISOO^’F  for  five  ainutes  or  less,  and  aaterials  vith  a  flash  point 
above  200°F. 

Rating  0;  k  rating  of  0  is  given  to  non-coabustible  aaterials.  These  cheaicals 
will  not  burn  when  exposed  to  a  tenperature  of  1500°F  for  five  ainutes. 

For  the  purpose  of  this  study,  a  cheaical  will  be  considered  flaanable  if  it 
has  a  flash  point  of  less  than  200*^.  Generally,  this  value  will  encoapass  all 
cheaicals  vith  an  NFPA  rating  of  2  or  aore. 

TOXICITY  CRITERIA 

In  order  to  detemine  criteria  for  toxicity,  NFPA  ratings  of  the  health 
hazards  of  cheaical  naterials  along  vith  published  toxicity  values  were 
reviewed.  The  NFPA  ranks  each  cheaical  according  to  the  degree  of  health  hazard 
froa  0  to  4  under  fire  conditions.  A  rating  of  4  is  assigned  to  those  cheaicals 
representing  the  greatest  health  hazards  while  a  rating  of  0  is  given  to 
cheaicals  vith  the  least  health  hazards.  The  NFPA  health  hazard  ratings  for  a 
given  cheaical  aay  be  greater  than  one  would  expect  froa  the  typical  aeasures  of 
toxicity  (Threshold  Linit  Values;  "TLVs";  LD50  Values;  etc.),  because  the 
hazardous  nature  of  sone  cheaicals  is  increased  under  those  conditions.  Fire 
conditions  should  not  decrease  the  inherent  toxicity  of  the  aaterial.  The  NFPA 
ratings,  then,  nay  overstate  but  should  not  understate  the  health  hazard  in 
non-fire  conditions. 
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Rating  4;  A  haalth  hazard  rating  of  4  is  assigned  to  those  substances  which  are 
very  dangerous.  These  aaterials.  with  very  short  exposure,  could  cause  death  or 
■ajor  residual  injury  even  with  pronpt  nedical  treatzent.  Included  in  this 
category  are  aaterials  which  are  too  dangerous  to  handle  without  specialized 
protective  eguipaent,  aaterials  which  can  penetrate  ordinary  protective  clothing, 
and  aaterials  which  release  extreaely  toxic  or  corrosive  vapors. 

Rating  3;  A  rating  of  3  is  given  to  aaterials  where  short  exposure  could  result 
in  serious  teaporary  or  residual  daaage  even  with  proapt  aedical  treataent. 
Included  in  this  category  are  aaterials  with  highly  toxic  coabustion  products, 
aaterials  that  are  corrosive  to  living  tissue  or  toxic  via  skin  absorption 
aechanisas,  and  aaterials  requiring  protection  froa  any  type  of  bodily  contact. 

Rating  2;  A  rating  of  2  is  assigned  to  those  aaterials  which  cause  teaporary 
incapacitation  or  possible  residual  injury  unless  proapt  aedical  attention  is 
received.  Materials  included  in  this  category  are  those  which  give  off  toxic  or 
highly  irritating  coabustion  products,  and  aaterials  which  require  the  use  of 
protective  respiratory  eguipaent  with  an  independent  air  supply. 

Rating  1;  A  health  hazard  rating  of  1  is  given  to  cheaicals  where  exposure 
could  cause  irritation  but  only  ainor  residual  injury  even  without  aedical 
treataent.  Materials  with  irritating  coabustion  products,  cheaicals  which 
irritate  but  do  not  destroy  tissue,  and  aaterials  which  require  the  use  of 
canister-type  gas  aasks  are  included  in  this  category. 

Rating  0;  A  rating  of  0  is  indicative  of  a  aaterial  which  poses  no  health 
hazard  beyond  that  of  ordinary  coabustible  aaterial. 
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Th«  HFPA  health  hazard  ratings  of  chenicals  are  generally  not  based  on  toxi¬ 
city  values  obtained  through  laboratory  studies.  The  NFPA  health  hazard  ratings 
were  detensined  by  a  group  of  experts,  through  experiences  of  fire  fighting  end 
through  cheaical  knowledge.  Since  health  hazard  ratings  were  first  introduced 
in  1952  (NFPA,  1984),  this  approach  was  aost  likely  taken  due  to  the  lack  of 
adequate  toxicity  infomation  at  the  tine.  With  nany  cheaicals,  the  lack  of 
toxicity  data  still  exists,-  and  where  data  arc  available,  they  are  not  uniforn 
and  exist  as  aany  different  toxicity  Units.  The  aost  frequently  deternined 
toxicity  liaits  calculated  for  various  exposure  neasureaents  are-. 

Short  Tern  Exposure  Liaits  -  STEL 

laaediately  Dangerous  to  Life  and  Health  Licit  -  IDLH 
Threshold  Licit  Value  -  TLV 
Toxic  Concentration  Low  -  TCLo 
Oral  Sat  LD50  -  LDSO 

None  of  these  aost  frequently  deternined  toxicity  liaits  are  uniforaly  available 
for  all  of  the  CHRIS  cheaicals;  indeed,  for  soae,  no  aeasure  of  toxicity  is 
available.  There  were  soae  CHRIS  cheaicals  which  already  had  a  toxicity  rating 
assigned  by  NFPA.  For  those  cheaicals  irtiich  did  not  have  NFPA  toxicity  ratings 
but  soae  other  toxicity  criteria  such  as  STEL  could  be  found,  an  atteapt  was 
cade  to  statistically  estiaate  an  NFPA  rating,  thus  increase  the  list  of  rated 
cheaicals.  A  linear  least  squares  regression  analysis  was  perforned  using  the 
NFPA  Health  Hazard  Identification  Code  (HIC)  as  the  dependent  variable  and  the 
STEL  values  as  the  independent  variable.  Since  the  values  of  the  various 
toxicity  liaits  represented  a  wide  range  of  concentration  values  ranging  froa 
0.1  ppa  to  10,000^  ppa,  the  logaritha  of  the  independent  variables  was  used. 
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Subsequently,  linear  least  squares  regression  analyses  were  perforaed  with  the 
five  toxicity  criteria  identified  above.  The  saee  procedures  were  used  for  all 
five  toxicity  linits,  except  an  Oral  Rat  L050.  Oral  Rat  LD50  values  are  often 
quantified  by  a  grouping  of  concentrations  rather  than  a  specific  nuaerical 
value.  Consequently,  for  the  LD50  regression  analysis  the  grouping  was  used  as 
the  independent  variable,  instead  of  the  logaritha  of  the  calculated  LD50  value. 


The  equations  for  four  of  the  five  toxicity  exposure  aeasureaents  with  the 
HIC  estiaates,  rounded  to  the  nearest  integer,  are  listed  below.  Although  an 
equation  for  TCLo  was  also  calculated,  due  to  insufficient  data,  this  equation 
is  not  included. 

Short  Tera  Exposure  Liaits 
Data  Points:  59 

Regression:  HIC  =  2.79  -  0.612  *  log  (STEL)  STEL  (ppa) 

r  statistic:  -0.51 


HIC 

0 

3.74 

< 

log  STEL 

5500 

< 

STEL 

HIC 

1 

2.11 

< 

log  STEL 

< 

3.74 

130 

< 

STEL 

< 

5500 

HIC 

2 

0.4S 

< 

log  STEL 

< 

2.11 

3.01 

< 

STEL 

< 

130 

HIC 

3 

-1.36 

< 

log  STEL 

< 

0.48 

0.07 

< 

STEL 

< 

3.01 

HIC 

4 

log  STEL 

< 

-1.36 

STEL 

< 

0.07 

laaedlately  Dangerous  to  Life  and  Health  Liaits 
Data  Points:  10 


Regression: 

BZC  «  3.86 

- 

0.58 

*  log  (ZDLH) 

IDLH  (ppa) 

r  statistic: 

-0.79 

HIC  0 

5.76 

<  log  ZDLH 

578000 

<  IDLH 

HIC  1 

4.05 

<  log  ZDLH 

< 

5.76 

112000 

<  IDLH  <  578000 

HIC  2 

2.33 

<  log  ZDLH 

< 

4.05 

216 

<  IDLH  <  11200 

HIC  3 

0.62 

<  log  ZDLB 

< 

2.33 

4.17 

<  IDLH  <  216 

HIC  4 

log  ZDLH 

< 

0.62 

IDLH  <  4.17 

Threshold  Liait  Values 

Data  Points: 

97 

Regression: 

BZC  >  2.60 

- 

0.660 

*  log  (TLV) 

TLV  (ppa) 

r  statistic: 

-0.54 

HIC  0 

3.18 

<  log  TIV 

1510 

<  TLV 

RIC  1 

1.67 

<  log  TLV 

< 

3.18 

46.3 

<  TLV  <  1510 

BZC  2 

0.15 

<  log  TLV 

< 

1.67 

1.41 

<  TLV  <  46.3 

BZC  3 

>1.36 

<  log  TLV 

< 

0.15 

0.04 

<  TLV  <  1.41 

BZC  4 

log  TLV 

<-1.36 

TLV  <  0.04 

ZX-« 


Oral  LD50 


Data  Points:  IS 

Ragression:  HIC  a  4.68  -  0.87  *  log  (L050)  LD50  (ppa) 

r  statistic;  -0.77 


HIC  0 
HIC  1 
HIC  2 
HIC  3 
HIC  4 


Grade  0:  LD50 
Grade  1:  L050 
Grade  2:  L050 
Grade  3:  L050 
Grade  4:  L050  < 


>  15000 

5000  -  15000 

500  -  5000 

50  -  500 

50 


Based  on  the  results  of  these  linear  regression  studies,  the  following 
criteria  for  toxicity  were  developed: 


(1)  STEL  less  than  150  ppa 

(2)  IDLH  less  than  12000  ppa 

(3)  TLV  less  than  50  ppa 

(4)  TCLo  less  than  250  ppa 

(5)  LDLo  less  than  5000  ppa,  and 

(6)  NFPA  Health  Rating  of  2  or  aore 


The  inforaation  obtained  froa  Threshold  Liait  Values  (TLV's)  and  Short  Tera 
Exposure  Liaits  (STEL's)  was  given  first  priority  in  the  ranking  process.  The 
criteria,  shown  in  Table  II-l  are  based  on  regression  analyses  and  were  used  as 
a  guideline  in  the  grouping. 


Table  II-l. 

CHEMICAL  RAMKIMC  GUIDELINES 

Group 

TLV  (ppa) 

STEL  (ppa) 

Hot  Toxic 

1000 

5500 

Slightly  Toxic 

100 

130 

Moderately  Toxic 

5 

3 

Data  fro«  the  OHM-TADS.  LD-50'a,  and  MFPA  health  codes  were  also  considered. 
In  some  instances,  it  was  necessary  to  assign  a  chemical  to  a  category  based  on 
limited  toxicity  information.  In  other  cases,  contradictory  data  led  to  a 
grouping  decision  based  on  the  more  conservative  piece  of  information. 

Physical  and  chemical  information  for  the  floating  CHRIS  Chemicals  is 
presented  in  Appendix  A. 
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III.  nvin  or  spill  clburip  ncsaoLOGiis 


Responding  to  a  hazardous  floating  chaaical  spill  requires  a  blend  of 
personnel  expertise  and  equipment  utilization.  The  personnel  involved  with  the 
spill  cleanup  must  be  able  to  detect,  identify,  and  aonitor  the  extent  of  the 
spill,  as  well  as  aake  progress  toward  reducing  its  environaental  impact. 

In  order  to  reduce  the  spread  of  the  spill  with  its  accoapanying  hazards, 
personnel  at  the  scene  must  be  prepared  to  apply  the  most  feasible  aethod(s)  of 
physical  or  chemical  containment.  To  ensure  that  the  proper  means  of  response 
is  chosen,  the  personnel  directly  involved  should  consider  which  technique  is 
most  effective.  Although  one  technique  nay  be  applicable  to  handling  a  large 
number  of  hazardous  substances,  sometimes  a  specialized  method  for  a  given 
place,  tine,  and  chemical  may  need  to  be  developed. 

The  technique  chosen  by  the  response  team  should  render  itself  to  rapid,  easy 
deployment.  This  will  help  reduce  the  necessity  of  specialized  training  for  the 
response  personnel  as  well  as  help  eliminate  the  need  for  stockpiling  special¬ 
ized  equipment  or  chemicals. 

The  personnel  involved  in  combating  a  spill  should  consider  whether  the 
technique(s)  e^iloyed  will  present  potentially  harmful  effects  in  the  aquatic 
environment.  In  some  cases,  it  may  be  possible  to  use  a  different  counter¬ 
measure  in  order  to  reduce  the  chance  of  any  hazard. 

Selecting  the  best  cleanup  alternative  is  a  decision  complicated  by  the 
magnitude  of  information  required  concerning  the  spill  and  the  potential  hazards 
facing  the  response  team.  The  following  information  is  presented  as  a  review  of 
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the  available  cheeical  and  nechanical  Mthods  vhich  are  presently  available  or 
could  be  developed  for  use  at  the  scene  of  a  floating  hazardous  cheeical  spill. 

LITBRATUHB  REVIEW 

A  literature  review  (referenced  in  Appendix  D  -  Bibliography)  was  conducted 
to  provide  a  basis  for  analyzing  the  results  of  previous  tests  of  spill  control 
agents  and  devices  in  order  to  conpare  their  effectiveness.  Sources  of  infor- 
■ation  included  the  final  reports  of  Anerican  Petroleum  Institute-sponsored 
studies,  U.S.  Coast  Guard  case  histories,  inforaation  froa  the  Noyes  Data 
Corporation,  NTIS  releases,  technical  product  bulletins  and  personal  coaauni- 
cations  with  suppliers  and  other  informed  individuals.  It  was  frequently 
iapossible  to  objectively  compare  the  agents  and  methods  applied  in  previous 
work  due  to  the  varying  test  methods,  differening  environmental  conditions,  and 
the  lack  of  sufficient  recorded  field  work  concerning  cleanup  of  hazardous 
floating  chemicals. 

CHEMICAL  METHODS 

The  application  of  specific  chemical  agents  on  a  floating  hazardous  chemical 
spill  can  help  alleviate  some  of  the  hazards  inherent  in  spill  response 
procedures.  The  use  of  chemical  agents  such  as  foams  and  surfactant  films  may 
help  reduce  the  vapor  pressure  of  the  hazardous  chemical  over  the  spill.  The 
use  of  gelling  agents  can  help  prevent  the  horizontal  as  well  as  vertical  spread 
of  a  hazardous  chemical.  Other  chemical  agents  can  effectively  neutralize 
hazards  associated  with  the  spill  materials.  To  effectively  understand  the 
utilization  of  chemical  methods,  the  theory  of  the  chemical  mechanism  as  well  as 
the  method  of  application  should  be  reviewed.  The  following  section  contains  a 
discussion  of  vapor  pressure,  and  the  chemical  methods  related  to  its 
reduction. 


IIX*2 


Ovrvitw  of  V«por  Prtssura  Reduction 

Vapor  prassura  ii  a  aaasura  of  the  volatility  of  a  liquid,  therefore 
representing  the  ease  with  which  a  liquid  is  converted  to  a  gas.  It 
■easures  the  tendency  of  aolaculas  to  escape  froa  the  liquid  phase  and  is  an 
indication  of  the  interaolecular  forces  between  aolecules  in  a  liquid. 

As  the  tesperature  of  a  liquid  increases,  the  kinetic  energy  of  the 
molecules  increases,  giving  aolecules  the  energy  required  to  break  inter¬ 
aolecular  forces.  As  more  aolecules  evaporate  from  the  liquid's  surface, 
the  vapor  pressure  increases. 

J.  S.  Greer  (1976)  concluded  that  evaporation  rates  are  controlled  by 
five  najor  factors:  heat  transfer,  surface  area,  surface  turbulence, 
vapor-saturated  interfacial  film  and  surface  cleanliness.  A  discussion  of 
each  factor  is  presented  in  the  paragraphs  which  follow. 

Beat  transfer  and  insulation  properties  have  been  thoroughly  studied. 
There  is  a  considerable  amount  of  literature  which  discusses  the  theoretical 
and  practical  applications  of  both  areas.  Since  evaporation  is  an  endo- 
theraic  process,  anything  promoting  heat  transfer  into  a  spilled  chemical 
would  aid  vaporization.  Surface  area  contributes  directly  to  the  heat 
transfer  capability  of  a  substance.  The  one-dimensional  steady  state 
conduction  of  heat  in  solids  is  governed  by  the  equation: 

Where  g  ■  heat  transfer  rate  in  BTU/hr. 

K  ■  theraal  conductivity  in  BTU/hr.  ft.  ®F 
A  «  area  (in  ft^) 

^  •  temperature  gradient  across  transfer  aediua 
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This  equation  can  be  varied  to  calculate  the  heat  transfer  between 
different  phases,  i.e.,  solid  or  liquid.  Any  process  which  increases  the 
surface  area  of  a  spilled  liquid  should  therefore  allow  a  resulting  increase 
in  total  Bass  of  vaporized  cheaical  per  unit  of  tiae. 

Surface  turbulence  tends  to  disrupt  the  interface  between  two  liquids 
by  exceeding  the  tension  between  the  liquids  allowing  evaporation  to  occur 
wore  readily. 

Interfacial  tension  corresponds  to  the  energy  required  to  produce  a 
unit  area  of  that  surface  when  two  ieeiscible  liquids  are  in  contact  with 
each  other.  Any  ncchanisn  which  aids  in  einieizing  the  effects  created  by 
the  interfacial  file  will  tend  to  increase  the  vaporization  rate. 

Surface  cleanliness  effects  the  paraeeters  described  above.  Surface 
contaminants  tend  to  disrupt  the  interfacial  film  and  interfere  with  heat 
transfer. 

Vapor  Pressure  Seduction  Agents 

An  extensive  literature  review  has  shown  five  vaporization  reduction  agents 
are  available  for  hazardous  material  spills.  These  include: 

o  Thin  Surfactant  Films 

o  Foams 

o  Gelling  Agents 
o  Sorbents 
o  Cryogens 

Surfactant  films  reduce  vaporization  by  generating  a  film  which  is 
insoluble  in  the  liquid  and  acts  as  a  barrier  preventing  the  transfer  of 
liquid  molecules  into  the  gaseous  phase.  Foams  reduce  the  vaporization  rate 
of  hazardous  floating  liquids  by  forming  a  'bubble  blanket’  over  the  liquid. 
This  'bubble  blanket'  also  contributes  to  some  vapor  scrubbing  as  the  gas 
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rises  through  the  foaa.  The  versing  of  the  vapor  by  noraal  heat  transfer 
and  associated  heat  of  the  solution  say  help  by  aaking  the  vapor  less  dense 
and  aore  buoyant,  thereby  allowing  the  hazardous  vapor  to  disperse  upward 
aore  quickly,  away  froa  the  spill  area.  This  would  help  reduce  the  toxic 
effects  of  the  vapor  that  a  clean-up  crew  could  encounter  froa  a  spill. 

Gels  reduce  evaporation  by  foraing  a  cover  of  gelled  aaterial  over  the  spill 
held  together  by  cheaical  and  physical  interactions.  Surfactants  and  foaas 
act  to  reduce  the  surface  tension  of  water,  allowing  better  vetting  of 
organic  surfaces  and  better  penetration  into  aaterial  surfaces  and  openings. 
This  effect  aids  in  isolating  spill  surfaces  froa  ignition  sources  and 
radiant  energy  effectively  reducing  the  chances  of  fire  froa  the  hazardous 
aaterial.  Sorbents  reduce  vaporization  by  the  preferential  vetting  and 
absorption  of  the  hazardous  aaterial  into  a  aaterial  with  high  surface  area 
and  activity.  Cryogena  function  to  reduce  the  vaporization  of  hazardous 
aaterial  by  absorbing  heat  energy  froa  the  sp....i.  vicinity  resulting  in  a 
reduction  of  energy  available  to  eilow  aolecules  to  escape  froa  the  liquid 
phase.  Each  of  these  agc'ts  ,s  disr>i«sed  in  greater  detail  in  the 
succeeding  paragraphs. 

Thin  Surfactant  Files 

Early  investigations  with  aononolecular  filas  deaonstrated  they  foraed 
a  closely  packaged  array  of  aolecules,  vertically  oriented  so  that  their 
polar  groups  interacted  with  water.  Vaporization  reductions  were  attributed 
to  the  foraation  of  a  nearly  iaperaeable  fils  on  the  surface  and  extinction 
of  surface  waves  at  both  interfaces.  Organic  chain  length  and  both  the 
cheaical  and  stereocheaical  nature  of  the  surfactant  affected  the  vaporiza¬ 
tion  rate  of  liquids  through  aononolecular  filas.  Fila  pressure 
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generated  froa  the  aonoaolecular  film  considerably  reduced  surface  turbu¬ 
lence  and  convection  currents.  For  a  fila  to  be  effective,  it  should: 

(1)  be  aonoaolecular  and  spatially  oriented;  (2)  have  liaited  solubility  in 
the  liquid;  and  (3)  be  unifora  and  continuous. 

Fluorocheaical  surfactant  foaas  which  collapse  to  fora  a  thin  fila  over 
hydrocarbon  liquids  have  been  shown  to  reduce  evaporation  rates  by  90  to 
98%.  This  technique  has  been  shown  to  work  best  on  cheaicals  having  a 
surface  tension  equal  to,  or  greater  than,  20  dyne/ca. 

A  technique  developed  by  Moran  et  al.  (1971),  utilized  fluorocheaical 
surfactants  to  reduce  evaporation  of  hazardous  cheaicals.  The  surfactant 
can  be  applied  to  the  spill  as  an  aerosol  or  as  a  foaa.  When  applied  as  an 
aerosol,  the  surfactant/water  solution  is  allowed  to  settle  over  the  spill  to 
fora  a  thin  fila.  The  alternative  aethod  requires  the  fluorocheaical 
surfactant  to  be  incorporated  into  an  aqueous  fila-foraing  foaa  which  is 
applied  over  the  spill  surface.  The  foaa  cheaistry  is  designed  in  such  a 
way  that  it  quickly  collapses  to  fora  a  surfactant  fila. 

Assuaing  a  spill  of  100  to  100,000  gallons,  1  to  20  gallons  of 
surfactant  fila  solution  would  be  required  if  applied  as  an  aerosol.  A 
noainal  expansion  ratio  of  10  to  1  would  be  required  to  apply  a  low 
expansion  foaa  containing  the  fluorocheaical  over  the  spill. 

Hydraulic  or  pneuaatic  equipaent  could  be  used  to  apply  the  surfac¬ 
tant/water  solution  over  the  spill  surface.  Since  hazardous  cheaical 
spills  are  generally  snail  (when  eoapared  to  oil  spills),  hydraulic 
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application  cquipaant  appaars  to  ba  tha  aost  faaaibla.  Howavar,  pneumatic 
systaas  coud  ba  applied  to  allow  a  larger  area  of  dispersal  of  surfactant. 

Foaas 

Foams  can  be  foraulated  to  have  physical  and  chaaical  compatibility  with 
hazardous  materials.  Foaas  offer  a  mechanism  of  applying  water  at  a  slow 
rate,  providing  dilution  with  a  minimum  amount  of  reaction  for  those 
substances  that  react  violently  with  water.  Other  advantages  of  foams 
include:  (1)  the  ability  to  reduce  the  amount  of  smoke  and  fumes;  (2)  the 
ability  to  aid  in  the  removal  of  heat  by  converting  water  to  steam;  and  (3) 
a  method  to  build  a  3-D  barrier  over  a  spill. 

Foam  production  is  aided  by  lowering  the  surface  tension  (  T  )  to  a 
foaming  solution.  The  free  energy  of  a  surface  is  equivalent  to  the  work 
required  to  produce  that  surface.  This  amount  of  work  is  equal  to  the 
product  of  the  surface  tension  and  the  surface  area  of  the  system.  Thus, 

G  •  TA;  where  C  is  the  Gibbs  free  energy  of  the  network  of  the  system,  and 
A  is  the  total  surface  area  of  the  bubbles. 

Foams  must  have  stability  to  be  effective.  For  example,  as  a  film 
thins  when  it  is  stretched,  there  must  be  a  restoring  force  generated  to 
prevent  the  elastic  limit  of  the  film  from  being  exceeded,  resulting  in  film 
rupture.  The  restoring  force  in  foems  is  believed  to  result  from  the  higher 
surface  tenslwi  which  an  increased  surface  shows. 

Surfactants  which  are  good  wetting  agents  act  to  reduce  surface 
tension.  Due  to  this,  care  must  be  taken  in  choosing  a  foam  so  that  a 
defoaming  mechanism  does  not  prevent  the  film  healing  mechanism. 
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Fo«m  arc  usually  dasignatad  as  low  axpansion  (with  a  voluaa  axpansion 
of  watar  to  foaa  ratio  of  lass  than  20:1)  or  high  o]q>ansion  foaw  (with  a 
voluM  axpansion  of  watar  to  foaw  ratio  graatar  that  100:1).  Tha  gap 
batwaan  thasa  two  axpansion  rangas  rasults  fron  tha  lack  of  suitabla  aquip- 
nant  to  ganarata  foaw  in  tha  intarwadiata  ranga. 

Foaws  can  ganarally  ba  foraad  by  thraa  nachanisns  which  includa: 

(1)  aachanical  agitation;  (2)  iapaction  of  a  spray  against  a  scraan;  or 
(3)  biibbla  fomation  through  controllad  orificas.  Machanical  agitation 
ganarally  givas  an  axpansion  of  lass  than  80:1  with  snail  bubbla  siza  and 
good  stability. 

hem  axpanaioa  foaas  ara  ganaratad  by  aachanically  agitating  water  with 
tha  foaning  agent  in  tha  dispersing  nozzle  systan.  For  application  in  this 
wanner,  tha  foaw  is  drawn  into  an  eductor  at  a  rata  proportional  to  tha 
watar  flow.  When  axpansion  ratios  of  about  S:1  ara  desirable,  a  non- 
air^aspirating  nozzle  is  utilized,  resulting  in  only  tha  foaw  concentrate 
and  watar  being  nixed.  If  higher  axpansion  ratios  are  desired,  an  aspirat¬ 
ing  nozzle  allowing  tha  introduction  of  air  would  ba  required.  When  low 
axpansion  foaws  ara  aachanically  ganaratad,  they  nay  ba  directed  as  a 
projectile  fron  a  ranga  of  up  to  200  feat,  pamitting  tha  blanketing  of  a 
large  area  fron  one  or  wore  locations  sonawhat  distant  to  tha  spill. 

High  aiqpanslon  foaas  ara  ganaratad  by  blowing  a  watar-surfactant  solution 
against  a  scraan.  Znpaction  of  a  spray  against  a  scraan  ganarally  gives 
ratios  of  1Q0:1  to  1SOO:1.  The  axpansion  created  will  depend  on  tha 
watar-surfactant  flow,  air  velocity,  and  scraan-nash  siza.  Tha  air  velocity 
required  to  ganarata  hi^  axpansion  foans  can  ba  provided  by  fans  or  high 
pressure  watar  sprays. 
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Du*  to  it*  properties,  the  high  expansion  nod*  of  foae  production 
linits  its  us*  prinarily  to  enclosed  areas  or  areas  with  caln  environnental 
conditions.  Vind  and  rain  present  potential  deleterious  effects  to  high 
expansion  foan  generation.  High  ei^ansion  foans  nay  also  present  a  problea 
in  enclosed  areas.  These  foaas  are  non-toxic  but  nay  block  sight  and 
hearing,  resulting  in  disorientation.  Work  in  the  area  is  also  inhibited  by 
the  presence  of  the  foaa. 

Foaa  generation  via  controlled  orifices  utilizes  a  systea  called  a 
flooded  plat*  generator.  This  is  a  box-shaped  co^artaent  separated  into  two 
halves  by  a  horizontal  perforated  plate.  Foaa  solution  is  aade  to  flow  over 
the  top  of  the  plate  while  air  flows  beneath  the  plate.  Bubble  size  is 
liaited  by  perforation  size  and  spacing.  Due  to  its  design,  flooded  plate 
generators  have  been  United  in  us*  to  the  generation  cf  foan  too  viscous 
for  the  other  types  of  generators. 

The  air  required  to  generate  high  expansion  foaas  can  be  achieved 
through  several  aethods.  In  air  aspirating  units,  the  velocity  of  the  water 
spray  is  used  to  create  air  flow  into  the  generator.  This  nethod  of 
generation  is  liaited  to  expansion  of  less  than  S00:1.  To  achieve  higher 
expansions,  fans  are  used  to  create  a  higher  air  velocity.  These  fans  nay 
develop  their  aechanical  driving  force  by  water  flow,  electricity,  gasoline, 
or  coi^ressed  gas.  Hiltz  (19B0)  reported  that  electrically  driven  units 
provide  the  highest  expansion  and  that  water  driven  units  are  self-liniting 
due  to  the  greater  water  flow  required  to  develop  a  higher  fan  speed.  Hiltz 
(19S0)  also  stated  that  the  water  driven  units  are  nor*  reliable  due  to  their 
independence  fron  electrical  circuitry.  Two  foras  of  water  driven  systens 
are  in  im*  —  water  turbines  and  reaction  drives. 
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Shaver  at  al.  (1983)  idantifiad  six  major  types  of  foaming  agents. 

These  are:  (1)  proteins;  (2)  synthetics;  (3)  AFFF  (Aqueous  Film  Forming 
Foam);  (4)  fluoroproteins;  (5)  alcohols;  and  (6)  polar  solvents.  Since 
foams  may  be  used  to  reduce  vaporization  rates  and  to  combat  fires,  a 
general  description  of  the  capabilities  of  the  six  major  foam  types  will  be 
described  as  discussed  by  Shaver  (1983). 

Protein  foams  have  good  cooling  and  burn  back  resistance.  The  fire 
knockdown  capability  of  protein  foams  is  not  as  good  as  AFFF.  Protein  foams 
are  limited  to  low  expansion  applications. 

Synthetic  or  detergent  foams  are  long  chain  hydrocarbons  with 
capabilities  parallel  to  AFFF.  Synthetic  foams  are  generally  used  in  the 
high  expansion  mode. 

AFFF  is  a  fluorocarbon-based  surfactant  idtich  presents  excellent  fire 
knockdown  capability  but  is  poor  for  cooling  a  structure  or  maintaining  a 
blanket  of  foam  on  the  surface.  AFFF  is  used  in  the  low-expansion  mode. 

Flooroproteins  provide  lower  surface  tension  and  greater  fluidity  than 
protein  foams  while  maintaining  the  persistence  absent  in  AFFF.  These  are 
primarily  used  in  the  low  expansion  mode. 

Alcohol  and  polar  solvomt  foams  either  precipitate  or  gel  into  an 
insoluble  layer  on  the  chemical  surface.  These  could  be  applied  to  block 
foam  degradation  or  to  allow  foam  buildup.  They  are  primarily  applied  as 
low  ei^ansion  foams. 

Hw  moot  liporft  factor  infl— irimg  tho  fermmtiaa  of  a  foam  cower  is 
its  chsmical  coapatihiUtf  with  the  hasardsns  floating  matorial.  Host  foams 
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now  in  us*  or*  gtnwrnlly  co^patibl*  with  nonpolar  nolaculas  and  with  thoaa 
having  a  pH  dost  to  7.  (Chanical-foaw  intaractions  dua  to  tha  soluhility 
of  chaaicals  in  foana  ara  furthar  diacuaaad  in  Part  ZZ,  Saction  Z.) 

Uaa  of  nonalcohol  foana  with  polar  coi^unda  ia  ganarally  raatrictad  to 
thoaa  having  a  dialactric  conatant  laaa  than  4.  Croaa  (1982)  atataa  that 
nonalcohol  typaa  of  foaa  ara  aariourly  dagradad  whan  applied  to  chanicala 
with  a  dialactric  conatant  above  4.  Tha  floating  hazardoua  chanicala 
reviewed  in  thia  atudy  ganarally  have  a  dielectric  conatant  greater  than  3. 

For  apilla  involving  hydrocarbona  or  other  chanicala  having  the 
property  of  low  water  aolubility.  rapid  nozala  awaapa  of  low  expanaion  foan 
over  tha  apill  ia  an  affective  application  nathod.  For  polar  aolventa  or 
other  hydrophilic  chanicala,  gently  applying  an  alcohol  type  concentrate 
(8TC)  foan  or  an  1FFF/8TC  uaing  an  air  aapirating  nozzle  ia  reconnanded. 

Thia  nathod  of  application  allowa  a  clow  buldup  of  tha  foan  blanket. 

Haaaon  and  iacociatac,  Znc.,  conducted  a  teat  for  3-M  Conpany  (luguat 
1983)  to  detemine  the  parfomance  of  three  different  low  expanaion  foana  in 
naintaining  a  foan  blanket  on  a  flannabla  liquid  that  waa  floated  on  water, 
than  subjected  to  a  wave  producing  apparatus.  Tha  foans  tasted  were  an  ATC, 
an  AFFF,  and  a  fluoroprotain  foaa  concentrate.  Tha  parfomance  of  tha  foans 
was  judged  on  their  c^ability  to  follow  tha  aovaaant  of  tha  waves  and  to 
prevent  ignition  of  tha  vapor  space  even  after  several  ninutas  of  wave 
activity.  Tha  AFFF  and  ATC  foans  ware  observed  to  follow  tha  novanant  of  tha 
waves,  idiereas  tha  fluoroprotain  foaa  did  not. 

Tha  actual  foaa  depth  required  to  reduce  tha  vapor  concentration  above 
a  floating  hasardous  cbeaieal  spill  to  a  non^hasardous  level  varies  with  the 
nature  of  the  chaalcal  involved.  In  gMMral.  nom  volatllo  eonpoands 
rngnira  a  gmatar  foan  dspth. 
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Th«  ai^lication  of  foaai  to  spills  doss  not  crssts  any  significant 
problsns  during  clsanup  activitiss  whars  vacuun  trucks,  sorbsnts,  skinasrs, 
wsirs,  ate.,  ara  usad.  Hovavar,  contaaination  of  tha  racovarad  chaaical  in 
coabination  aith  tha  foaa  noraally  praaants  raclaaation  of  tha  chaaical, 
tharaby  craating  a  disposal  problaa. 

In  ganaral,  tha  following  conclusions  can  ba  obtained  froa  a  prograa 
conducted  by  Gross  and  Hiltz  (1982). 

o  High  quality  foaas  daaonstrata  the  lowest  drainage  rates.  This 
allows  thaa  to  aaintain  their  water  content.  These  foaas  perfora 
bast  in  tha  reduction  of  vapor  hazards. 

o  For  nonpolar  liquids,  any  high  quality  foaa  cover,  regardless  of 
chaaical  type,  will  provide  soaa  degree  of  vapor  release  reduction. 

o  Alcohol  foaas  ara  tha  aost  stable  agents  for  highly  polar  low 
Bolacular  weight  liquids.  Tha  other  foaa  types  collapse  rapidly 
idian  in  contact  with  hi^ly  polar  liquids. 

o  Vapor  froa  polar  liquids  can  ba  reduced  with  nonalcohol  type  low 
expansion  foaas  if  tha  voluaa  of  foaa  applied  is  several  tiaes 
greater  than  the  voluaa  of  the  spill.  This  effect  can  be  attributed 
aainly  to  water  dilutimi  instead  of  the  physical-cheaical  interaction 
of  the  foaa. 

o  High  expansion  foaas  with  a  slower  rate  of  water  addition  to  a 
reactive  liquid  spill  provide  the  best  control  on  water  reactive 
liquids. 

The  plication  of  a  foaaing  agent  to  a  hasardous  aaterial  spill  will 
restrict  the  vapor  release  thus  aaeliorating  the  downwind  hazard  resulting 
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froa  th«  incident.  The  aateriel  which  nay  be  vaporized  will  diaaipate 
quickly  due  to  heat  gained  aa  the  vapora  paaa  through  the  £oaa  bubblea. 
Reducing  the  vapor  concentration,  even  if  it  cannot  be  held  below  the  TLV, 
can  extend  the  life  of  caniater  protection  end  ainlaizea  vapor  hazarda  due 
to  naak  or  hoae  f allurea. 

The  alow  peraeation  through  the  bubble  walla  aay  reault  in  a  gas 
concentration  in  the  bubblea  which  exceeda  the  lower  explosive  Halt.  High 
expansion  foana,  being  nore  susceptible  to  the  problen,  could  be  ignited. 
However,  the  bum-back  rate  will  be  lower  than  over  an  uncovered  surface. 

If  ignition  should  occur,  flane  propagation  should  also  be  reduced  if  foan 
has  been  applied. 

Sorption 

Sorption  is  coanonly  applied  in  water  treataent  processes.  Being  a 
surface  process,  sorption  is  controlled  by  the  physical  and  cheaical 
properties  of  the  sorbent.  Sorbents  are  used  to  recover  spilled  aaterials 
by  either:  <1}  adsorption,  in  idiich  the  aateriel  is  attracted  to  the 
sorbent  surface  and  adheres  to  it;  or  (2)  absorptim,  in  which  the 
aateriel  penetrates  into  the  voids  of  the  sorbent  aateriel.  Sorption  is 
noraally  expressed  as  a  capacity,  aass  of  sorbate  per  unit  aass  of  sorbent. 
In  general,  sorption  applies  to  both  liquid  and  vapor  sorption  for  a 
cheaical.  Sorbents  are  aarketed  in  a  variety  of  foras  including  sheets, 
rolls,  pillows,  or  boons. 

Sorbent  capacities  are  usually  snail,  being  in  the  range  of  10%  by 
weight.  This  lack  of  efficiency  can  be  balanced  by  proper  selectimi  to 
allow  the  sorbent  use,  without  nodification,  with  all  floating  hazardous 
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Sorption  ic  influtnctd  by  thoM  factor*:  (1)  physical  and  chanical 
attraction:  (2)  surfac*  gaonatry;  (3)  surfaca  araa;  (4)  contact  tina;  and 
(5)  dansity  ratio  of  sorbata:sorbant.  Bnvironnantal  factors  such  as  ambient 
taaparatura,  pH,  and  salinity  of  tha  vatar  nay  affect  the  chanical  and 
physical  interactions  thus  influencing  sorbent  capacity. 

Bauer  at  al.  (197S)  identified  tha  following  natarials  as  good  sor¬ 
bents:  (1)  activated  carbon;  (2)  polyurethane  foan;  (3)  nacroreticular 
resins;  (4)  propylene  fibers;  (5)  zeolite  aolecular  sieves;  (6)  sorbent 
clays;  (7)  polyolefins;  (8)  polyaethyl-aethacrylates,  and  (9)  polystyrene 
sulfonates.  However,  econonics  often  cone  into  play  in  oil  spills,  creating 
circumstances  in  which  seaweed,  leaves,  corn  cobs,  or  other  sinilar 
materials  are  used.  None  of  these  biological  components  used  in  oil  spill 
cleanup  has  the  efficiency  or  capacity  to  reduce  the  health  and  flammability 
hazards  found  with  floating  hazardous  chemicals. 

Activated  carbon  is  the  most  commonly  used  sorbent  material,  and  its 
usage  has  been  researched  extensively.  Activated  carbons  have  potential 
application  to  a  wide  variety  of  hazardous  chemicals  but  are  limited  in 
their  ability  to  float. 

Work  by  Mercer  et  al.  (1973)  with  floating  activated  carbon,  using  the 
concept  of  subsurface  injection  for  utilizing  floating  mass  transfer 
mechanisms,  was  shown  to  be  feasible  in  field  demonstrations.  Spill 
collection  of  the  spent  floating  media  in  a  static  body  of  water  was 
accomplished  using  existing  oil  spill  cleanup  equipment,  nie  effectiveness 
of  the  spill  treatment  decreased  as  the  spilled  hazardous  material  became 
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mof  diluted.  Mercer  et  el.  (1973)  proposed  the  use  of  weighted  packages  of 
floating  aedia  for  treating  hazardous  eaterial  spills,  whereas  Dawson  et  al. 
(1977)  deaonstrated  better  recovery  with  free  floating  carbon.  Fiber  bag 
efficiency  is  liaited  by  kinetic  absorption  considerations  and  eay  be 
ieproved  with  higher  flow  rates  or  contact  tine.  The  Dawson  et  al.  (1977) 
report  arrived  at  the  following  conclusions  regarding  buoyant  activated 
carbon  and  porous  fiber  bags: 


o  Buoyant  carbon  can  be  eeployed  effectively  in  flowing  steaes  without 
the  use  of  ballasted  packages.  Buoyant  carbon  nay  be  applied 
directly  to  the  surface  or  it  can  be  slurried  and  injected  beneath 
the  surface: 


o  Natiural  turnover  provides  sufficient  contact  with  contaeinated  water 
in  shallow  streaes; 


o  Floating  c  b  a  is  capable  of  a  50%  reeoval  rate  using  a  carbon-to> 
contaeirant  ratio  of  10:1  for  the  flow  and  spill  conditions  studied; 


0  Floating  carbon  recovery  is  generally  greater  than  90%; 


o  Up  to  25%  of  fiber  bags  were  lost  during  the  tests  due  to  shore 
capture  or  snagging  in  shallow  areas; 


o  Buoyant  carbon  was  superior  to  porous  fiber  bags  for  reeoval 
efficiency  for  the  flow  and  spill  conditions  studies; 


o  Fiber  begs  can  be  loaded,  unloaded,  and  handled  aore  easily  than 
buoyant  carbon; 
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o  Buoyant  carbon  will  ba  aora  graatly  affactad  in  bad  waathar  than 
will  fibar  bags;  and 


o  Both  aathods  prasant  tha  logistics  problaa  of  transporting  large 
aaounts  of  carbon. 

Activatad  carbon  can  ba  obtainad  froa  nuaarous  aanufacturars  and 
distributors.  Tha  prlca  of  activatad  carbon  dapands  on  the  size  of  particle 
required  and  type  of  carbon  purchased.  Baganeration  of  the  spent  carbon  is 
difficult  and  aay  not  lower  costs  significantly  or  at  all  for  those 
chaalcals  that  aay  ba  hard  to  dasorb.  Tharaal  desorption  aay  be  too  risky 
for  flaaaabla  sorbates. 

J.  S.  Robinson  (1978)  identified  tha  following  sorbents  and  their 
applicabilities.  Polyurethane  foaa  can  ba  produced  in  open  or  closed-pore 
foras  and  in  a  nonporous  particulate  foaa.  Although  polyurethane  does  not 
daaonstrata  tha  versatility  of  activated  carbon,  it  is  the  best  sorbent  for 
benzene,  chlorine,  kerosene,  naptha: solvent,  hexane,  n-Butyraldehyde , 
diaathysulfoxide,  epichlorohydrin,  and  phenol.  It  could  possibly  prove 
feasible  for  aost  of  tha  CHRIS  list  floaters.  Polyurethane  belts  have  been 
constructed  to  sorb  soaa  floating  chaaicals  and  aany  dissolved  solutes. 

Whan  laden  with  tha  absorbed  chaaical,  polyurethane  belts  aay  ba  squeezed  to 
raaova  tha  sorbata  into  a  storage  facility. 

Repeated  application  of  polyurethane  nay  ba  required  to  sorb  a  spill. 
Tha  sorption  rata  and  capacity  of  polyurethane  are  dependant  on  the 
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viscosity  of  ths  spillsd  hazardous  chezical.  Polyurethane  foams  have  been 
shown  to  pick  up  fron  0.1  to  80  tines  their  weight  of  hazardous  spilled 
chenicals  in  one  operation. 

Polyners  with  a  spongy  structure  can  be  produced  by  crosslinking  linear 
polymers  with  bifunctional  monomers.  Two  common  macroreticular  polymers 
that  have  been  developed  are  poly  (styrene-co-divinylbenzene)  and  poly 
(methylnethacrylate-coethylene  dinethacrylate) .  The  monomers  can  be 
developed  for  more  versatility  by  substitution  of  polar  groups.  These  polar 
groups  would  allow  the  polymer  to  act  like  an  ion  exchange  resin. 

Polypropylene,  essentially  a  linear  chain  hydrocarbon,  is  an 
absorbent  for  covalent  liquids.  It  has  been  shown  to  sorb  benzene, 
kerosene,  naptha: solvent,  dimethyl  sulfoxide,  and  epichlorohydrin. 
Polypropylene  is  generally  less  versatile  than  polyurethane.  Lacking  the 
crosslinking  shown  in  polyurethane  or  macroreticular  resins,  polypropylene 
is  more  susceptible  to  decomposition  in  high-solvency  liquids.  The  methods 
used  for  collecting  and  reusing  polyurethane  could  be  applied  to 
polypropylenes. 

Macroreticular  resins  can  be  developed  whi^h  are  more  versatile  than 
polyurethane,  but  they  still  do  not  possess  the  universal  application 
available  with  activated  carbon.  Very  little  work  has  been  done  in  the 
field  of  developing  macroreticular  resins  for  hazardous  material  cleanup. 

Zeolite  can  sorb  ions  or  molecules  by  acting  as  a  sieve  or  by  use  of 
polarity.  Zeolite  has  the  disadvantage  of  possessing  a  higher  affinity 
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for  water,  or  ions  and  wolaculas  that  are  naturally  present  in  water,  than 
the  hazardous  cheaical.  Zeolites  are  hydrous  silicates  that  contain  various 
cations.  Their  crystalline  structure  has  empty  channels  of  different 
diaensions.  These  channels  give  zeolite  the  ability  to  act  as  a  sieve  for  a 
range  of  sizes. 

Ion  exchangers  are  probably  the  best  sorbents  to  use  on  aaaonia, 
concentrated  sulfuric  acid,  sodiua  hydroxide,  potassium  cyanide,  cadaium 
chloride,  oxalic  acid,  ethylene  diaaine,  sodiua  allcylbenzene  sulfonates  and 
phenol.  They  sorb  polar  or  ionic  solutes  and  can  be  used  to  coapleaent 
polymeric  sorbents  for  covalent  nonaixers. 

Polyurethane,  polypropylene,  aacroreticular  resins,  zeolites,  and  ion 
exchangers  serve  to  coapleaent  the  range  of  hazardous  chemical  absorption 
covered  by  activated  carbon,  but  in  some  instances  one  or  the  other  aay  be 
more  advantageous  or  more  feasible  for  application  than  carbon. 

Based  on  the  range  of  application,  the  following  list  of  high  potential 
sorbents  is  provided  in  rank  cf  diminishing  feasibility: 

o  Activated  carbon 

o  Polyurethane  foaa 

o  Polypropylene  fiber,  polyolefin,  cellulose  fiber,  aaberlite  XAD 

o  Zeolite  51 

o  Poly  (Nethyl-co-diaethacrylate),  aaberlite  IRl  93,  aaberlite 
ISA  900,  Dowex  S0VX8 

o  Carbonized  sawdust,  zeolite  F  (X-Fora),  clinoptilolite, 

polyisobutylene  fil^r,  Dowex  IXIO,  aaberlite  IKA  402,  OE  SAL 
process  resin,  eaberlite  II  252,  poly  (ae theory late)  Floridin  XXF, 
tonsil  AC 


Coabinations  of  sorbants  also  present  a  feasible  aeans  of  handling 
spills  of  certain  chemicals.  One  sorbent  presently  on  the  aarket, 
Petro-Trap,  combines  a  seaiperaeable  aeabrane  outer  container  with  a 
hydrocarbon  absorbing  foam  interior.  The  outer  container,  constructed  with 
spun-bonded  polypropylene,  retards  the  passage  of  water  while  allowing  the 
passage  of  hydrocarbon  contaminants.  The  foam  interior  then  absorbs  the 
contaminant  which  can  be  recovered  later  using  available  mechanical 
mechanisms.  Sorbing  materials  of  this  type  of  construction  have  proven 
feasible  for  ethyl  ether,  kerosene,  n-amyl  alcohol,  naptha,  ethyl  acetate, 
hexane,  butyr aldehyde,  and  benzene. 

Gelation 

Work  performed  by  Breslin  and  Royer  (1981)  indicates  that  the  following 
observatioris  usually  hold  for  conventional  gelling  agents  or  similar 
additives; 

o  Introduction  of  gelling  agents  to  a  hazardous  chemical  spill  enables 
a  stable  boom  to  contain  the  material  at  a  higher  current  velocity 
or  tow  speed  in  calm  water; 

o  To  optimize  the  effect  of  gelling  agents,  time  for  nixing  and 
absorption  must  be  allotted; 

0  Splash  over  failure  reduces  containment  ability  in  the  presence  of  a 
.3  meter  harbor  chop; 

o  The  logistics  involved  in  acquiring  the  gelling  agent, 

transportation,  distribution,  separation,  recycling,  and  disposal 
increase  the  time  for  cleanup; 
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o  Gelling  agents  nay  allov  faster  recovery  craft  speeds  in  sone  cases; 
and 

o  Use  of  sorbents  greatly  reduces  the  extent  of  eaulsification  of 
hazardous  cheaicals  into  the  water  coluan. 

Work  at  Lowell  University  by  Bannister  et  al.  (1979)  concentrated  on 
the  action  of  carbon  dioxide  on  a  priaary  aaine  to  fora  a  zwitterionic 
carbaaate  salt: 

RNH2  ♦  CO2 - >  CO2" 

The  aaine  being  oil  soluble  allows  it  to  easily  and  quickly  go  into 
solution  with  aost  organics.  Carbon  dioxide  nay  then  be  added  to  pronote  a 
rapid  gel  fomation.  The  oil  and  other  organic  conpounds  can  then  be 
separated  fron  the  gelled  aixture  by  filter  pressing,  centrifuging,  or  other 
chenical  techniques  to  allow  quantitative  recovery  of  aany  organic 
aaterials.  The  conclusions  drawn  froa  this  work  included: 

o  The  optinua  gelling  agent  is  conprised  of  a  aixture  of  70%  aaine  D 
(dehydroabeitylanine) ,  1S%  ethyl  alcohol,  and  15%  Mopol,  applied  (to 
the  chenical  spill)  in  a  concentration  of  about  15%; 

o  The  solubility  of  aaine  D  is  very  low,  therefore  reducing  the  aaount 
of  eaulsification  which  could  occur; 

o  Toxicities  of  the  gelling  agent  are  low; 

o  Fila  thickness  of  the  chenical  spill  does  not  appear  to  be  a  factor 
effecting  the  efficiency  of  gelation; 

o  The  optinua  carbanating  agent  is  liquid  or  gaseous  CO2; 
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o  yields  of  greater  than  90%  of  the  original  spill  aaterial  can  be 
obtained  by  pressure  filtration; 


o  Volatilization  rates  may  be  reduced  as  auch  as  50%; 


o  Most  hazardous  cheaicals  are  easily  gelled  by  this  aethod. 

Iq»ortant  exceptions  include:  extreaely  thick  and  viscous  aaterials 
in  which  solution  of  the  aaine  solution  is  difficult  to  achieve; 
acidic  coapounds  (which  react  with  the  basic  aaine)  do  not  gel; 
unsaturated  vegetable  oils  fom  gels  of  weak  aechanical  strength,  as 
do  soae  higher  aolecular  weight  napthenic  hydrocarbons  often  found  in 
lubricants;  and 


o  Water-front  protection  is  provided  by  gelling  incoaing  spills  since 
gelled  aaterials  do  rot  readily  soak  into  the  sand. 


An  investigation  conducted  by  Nichalovic  et  al.  (1977)  for  the  EPA 
resulted  in  the  developaent  of  a  "aultipurpose  gelling  agent"  (MCA) .  The 
MGA  was  configured  to  obtain  a  foraulation  that  would  effectively  gel  a 
variety  of  spilled  hazardous  cheaicals. 


The  foraulation  of  Blend  D,  containing  a  polyacrylaaide,  a 
poly-tert-butyl-styrene,  a  polyacrylonitrile  rubber,  a  poly  carboxy-aethyl 
cellulose  and  a  fuaed  silica  was  judged  to  be  the  optiaua  coabination  based 
on  the  nuaber  of  cheaicals  gelled  with  the  least  aaount  of  aaterial. 


This  foraulation  aust  be  stored  in  aoisture-proof  containers  below 
122‘*F.  It  is  possible  to  aanufacture  and  store  large  aaounts  of  MCA  at 
distributiem  sites  for  ready  use  if  required;  however,  this  aixture  is  not 
coaaercially  available. 
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HGi  hat  bacn  succtttfully  tastad  with  tha  following  chaaicals: 
acatona,  acatona  cyanohydrin,  acrylonitrila ,  auonivn  hydroxida,  anilina, 
banzaldahyda ,  banzana,  butanol,  carbon  ditulfida,  carbon  tatrachlorida , 
chlorina  watar  (saturatad),  chlorofom,  cyclohaxana,  cyclohaxanone,  ethanol, 
ethyl  acetate,  ethylene  dichlorida,  ethylene  glycol,  f oraaldahyda ,  gasoline, 
isoprana,  isopropanol,  kerosene,  aathanol,  nathyl  ethyl  ketone,  octane, 
o-dichlorobanzane,  patrolaua  ether,  phenol  (89%),  pyridine,  sulfuric  adic, 
tetrahydrofuran,  trichloroethylene,  and  xylene. 

Cryogens 

Greer  (1976)  reported  that  vapor  pressures  can  be  lowered  by  40  to  95% 
if  the  teaperature  of  a  solution  is  lowered  to  its  ice  point;  the  use  of 
cryogens  is  haapered  by  the  quantities  of  cryogen  and  the  rate  of  dispersal 
required  in  order  to  treat  a  hazardous  cheaical  spill. 

Most  refrigerants  aust  be  eliainated  froa  the  list  of  possible  cryogens 
due  to  their  high  toxicities  and  their  extensive  aaount  of  halogenation. 
Carbon  dioxide  would  tend  to  cause  large  pH  changes  when  used  in  the 
quantities  required  for  a  spill.  This  pH  change  is  caused  by  the  reaction: 

CO2  ♦  H2O— >H2C03  ^H'*^  HC03~. 

In  order  to  obtain  significant  vaporization  rate  reductions,  a 
hoaogeneous  blanket  of  cryogen  aust  be  quickly  and  effectively  placed  over 
the  spill.  Invironaental  factors  aay  significantly  haaper  recovery  efforts 
by  introducing  a  high  heat  load  on  a  sunny  day,  while  rain,  wind,  and  waves 
will  add  to  the  heat  load  by  aixing. 
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Cr«*r  (1976)  point*  out  that  liquid  CO2  has  baan  racoaaandad  ovar  LH2 
baaad  on  tlia  folloiring  critical  factor*: 


o  CO2  tank*  ara  conatructad  with  rafrigaration  cyclas  to  raliquafy 
boil-off; 


o  CO2  storaga  tanks  ara  singla  wall,  versus  the  vacuus  tank 

construction  used  for  LN2.  CO2  tanks  should  ba  lass  costly  and  sore 
aachanically  resilient; 


o  CO2  costs  less  than  LN2  based  on  affective  rafrigaration  effects; 
and 


o  CO2  dispersal  is  readily  available  by  using  “snow  horns."  Both  CO2 
LN2  would  displace  oxygen,  creating  a  hazardous  environsent  for 
cleanup  personnel. 


Neutralization 

Organisas  are  axtrasely  sensitive  to  environsental  pH  changes.  They 
have  bacosa  adapted  to  the  environsent  in  which  they  live,  and  any  pH 
changes  fros  their  nomal  asbient  range  say  result  in  deleterious  effects. 
These  offsets  can  ba  observed  to  occur  in  anything  fros  reproduction  to 
anzyaatic  capabilities.  Spills  of  hazardous  chaaicals  which  push  the  pH 
toward  or  out  of  its  noraal  liaits  affect  the  environsent  in  sany  ways. 
Biochaaical  reactions  will  ba  altered,  solubilities  of  hazardous  aetals 
aay  ba  incraasad,  oxygen  levels  say  ba  lowered,  and  cheaical  identification 
systeas,  such  as  ^leroaones  used  by  organisas,  aay  be  disrupted. 

A  good  neutralizing  agent  should  have  as  aany  of  the  following 
characteristics  as  possible  in  order  to  be  considered  for  use  (Akers  et  al., 
1981). 
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o  It  should  kosp  tht  pH  in  ths  rangs  of  6  to  9  without  causing  an 

sxcassivs  pH  changs  toward  ths  acid  or  basic  sida  if  too  such  neutra¬ 
lizing  agent  is  used.  Addition  of  too  little  of  the  neutralizing  agent 
■ay  result  in  the  pH  not  returning  to  the  6  to  9  band.  In  general, 
overaddition  of  a  neutralizing  agent  should  have  little  adverse  effect. 
By  applying  buffer  type  systeas  to  the  spill,  such  as  NaHC03  or  NaH2P04, 
seriotu  overshoot  problens  should  not  occur. 


o  It  should  be  relatively  nontoxic  to  aquatic  life.  Addition  of  neutra¬ 
lizing  agents  will  generally  increase  the  tei^rature  of  the  water 
slightly  due  to  heat  of  solution,  increase  the  ionic  strength  of  the 
water,  possibly  lower  the  aaount  of  available  oxygen,  resolubilize 
heavy  aetals  if  the  pH  is  lowered  enough,  and  increase  the  nutrient 
concentration  idtich  could  lead  to  an  algae  blooa. 


o  It  should  have  a  saall  biological  oxygen  denand. 


o  It  should  be  safe  to  handle  and  store. 


o  It  should  be  low  in  cost  and  available  in  bulk. 


The  following  iteas  should  be  considered  when  neutralization  is  one  of  the 


Methods  being  proposed  to  coabat  an  acidic  or  basic  spill  (Akers  et  al.  1981). 


o  Voluae  of  the  spill.  With  a  large  spill,  it  aay  not  be  logisti- 
cally  feasible  to  try  to  neutralize  the  entire  voluae.  Care  should 
be  taken  to  neutralize,  to  the  greatest  extent,  those  areas  that  are 
in  the  aost  danger  of  biological  daaage. 


o  Dilution  rate.  In  high  current  areas,  it  aay  be  aore  cost  effective 
to  allow  dilution  to  take  care  of  aost  of  the  spill.  Any  regions  with 
low  flow  could  then  be  neutralized  with  available  cheaicals. 


o  Monitoring.  The  On-Scene  Coordinator  should  have  soae  aeans  at  his 
disposal  to  aonitor  pH  changes.  Neutralization  of  hazardous  cheaical 
spills  in  waterways  should  not  be  atteapted  unless  proper  aonitoring 
and  control  of  the  neutralisation  reaction  is  possible. 


The  general  aechanisa  for  a  neutralisation  reaction  is: 

Acid  ♦  Base - >Salt  *  Hater. 

Usually  the  salt  produced  is  less  toxic  than  the  aaterial  being  treated. 
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As  shown  by  ths  titratim  curvss,  it  is  rtadily  obssrvsd  that  whan  approaching 
tha  anount  of  nautralising  agant  raquirad  for  nautralization,  tha  slopa  of  tha 
curva  incraasas  vary  rapidly.  Tha  ultimata  pH  which  could  ba  achiavad  by  a 
■assiva  ovardosa  of  a  waak  nautralizing  agant  is  lass  toxic  than  that  achieved 
by  a  strong  agant. 

Large  ta^>aratura  differences  nay  occur  between  tha  region  being  treated  and 
the  surrounding  area.  If  possible,  this  difference  should  ba  wonitored  to  try 
to  linit  any  adverse  affects  caused  by  tewparatura  shock. 

Cara  should  ba  taken  whan  applying  tha  nautralizing  agant  to  avoid 
spattering  which  could  result  in  burns  to  tha  cleanup  personnel.  Any  personnel 
handling  nautralizing  agents  should  wear  gloves,  a  face  shield,  and  an  apron  to 
protect  thawsalvas  froa  tha  possible  corrosive  effects  of  the  agents. 

Precipitation 

Cheaical  precipitation  occurs  when  two  reagents  which  are  soluble  in  water 
react  to  fora  an  insoluble  compound.  The  solution  should  be  supersaturated  to 
allow  precipitation.  This  leads  to  ions  coabining  to  fora  minute  particles  which 
serve  as  nuclei  for  the  insoluble  precipitate.  These  nuclei  grow,  progressing 
through  a  colloidal  stage,  and  finally  reach  the  final  stage  of  large,  visible, 
insoluble  particles.  These  insoluble  particles  then  precipitate  as  a  solid  in 
the  water  coluan. 

Solubility,  being  an  equilibriua  process,  can  show  the  reverse  reaction 
leading  to  dissolution.  As  the  concentration  of  toxic  ions  in  solutions 
decrease,  the  precipitate  aay  redissolve  to  restore  an  eguilibriua  condition. 
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In  general,  as  teaperature  Increases,  solubility  increases,  and  this  would  tend 
to  speed  \q>  the  dissolution  process. 

In  general,  a  precipitation  reaction  would  be  used  to  reeove  a 
water-soluble  chemical  fro*  the  water  column.  Precipitation  reactions 
usually  lend  themselves  to  metallic  or  ionic  coapotmds.  Since  the  main 
purpose  of  this  study  is  to  dociiment  methods  available  for  removing  floating 
hazardous  chemicals,  the  majority  of  which  are  organics,  precipitation 
reactions  do  not  appear  to  be  feasible  for  this  use. 

Chelation 

Chelating  agents  are  coi^Munds  or  ligands  (usually  organics)  that  bind 
or  coordinate  with  a  metal  ion  in  one  or  more  positions.  Precipitation 
reactions  are  exceptions  to  the  usual  condition  in  which  a  soluble  complex 
ion,  or  coordination  coiq>ound,  is  produced  by  the  reaction  of  a  metallic  ion 
with  one  or  more  ligands.  In  coordination  compounds,  the  metal  becomes  the 
central  ion  in  a  heterocyclic  ring  after  reacting  with  the  chelating  agent. 
Binding  of  the  metallic  ion  usually  results  in  its  deactivation.  The  metal 
is  no  longer  able  to  react  chemically,  and  therefore  is  made  less  toxic.  As 
with  precipitation,  this  method  has  not  been  developed  to  remove  floating 
hazardous  chemicals. 

a 

Biodegradation 

Biodegradation  has  long  been  the  method  applied  in  water  treatment 
systems  and  landfill  sites.  It  does  not  have  much  potential  at  a  floating 
hazardous  chemical  spill  amelioration  method. 
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Many  of  tho  floating  hazardous  chanicals,  baing  organics,  are  sus- 
captibla  to  biological  dagradation.  Chaaical  disparsants  hava  baan  usad 
to  braak  up  spillad  oil  into  droplats  that  ara  disparsad  through  tha  water 
coluan  in  a  decomposable  fora. 

In  order  to  allow  biological  dagradation  to  occur  quickly,  accliaated 
cultures  would  hava  to  be  stockpiled.  This  would  present  a  coaplax 
logistical  and  possibly  a  political  problaa.  In  addition,  it  is  believed 
that  aany  hazardous  cheaicals  will  resist  biological  dagradation. 

Organises,  in  general,  function  within  optiaua  teaperature  as  well  as 
optiaua  pH  ranges.  It  can  be  observed  froa  aost  enzyaas  that  a  10°  increase 
in  teaperature  will  dovible  the  reaction  rata  while  inside  the  enzyaes' 
functional  range.  Decreased  aetabolic  rates  at  low  teaperature  could 
seriously  liait  tha  rate  of  biodegradation.  Siailarly,  pH  or  osaotic 
conditions  for  which  bacterial  cultures  are  not  accliaated  could  aake  the 
use  of  such  cultures  futile. 

Oxidation-Reduction  Methods 

As  a  spill  aaalioration  technique,  oxidation-reduction  aethods  are  sore 
applicable  to  sinking  hazardous  cheaicals  than  floating  hazardous  cheaicals. 
In-situ  oxidation  has  been  shown  to  be  feasible  on  such  sinkers  as; 

2 , 4-dinitroaniline ,  2.4-dinitrophenol,  phenol,  trichlorophenol,  cresols, 
phthalic  anhydride,  and  dipheny Inethane  diisocyanate. 

Oxygen  is  the  aost  li^rtant  agent  found  in  natural  waters  to  allow 
oxidation  of  soae  hazardous  cheaicals.  Use  of  oxygen  in  this  reaction  will 


result  in  an  increase  in  oxygen  deeand,  and  could  result  in  significantly 
reduced  dissolved  oxygen  levels  in  the  water.  This  problea  can  be  reduced 
by  injecting  oxygen  into  the  reaction  region. 

Because  of  United  study  in  the  area  of  oxidation  of  floating  hazardous 
cheaicals  as  a  aethod  to  reduce  toxicity,  or  to  be  applied  in  cheaical 
cleanup,  oxidation-reduction  nethods  do  not  appear  to  be  applicable  or  have 
any  advantages  in  conbating  a  floating  hazardous  cheaical  spill. 

Saaple  Cheaical  Decontanination  Systen 

Work  by  Robert  G.  Sanders  et  al.  (1975)  with  Industrial  Bio-Test 
Laboratories,  Inc.,  and  R.  P.  Industries  has  resulted  in  the  developaent  of 
a  "dynactor."  The  “dynactor"  can  utilize  the  sorption  capabilities  of 
activated  carbon,  without  the  associated  problens  of  sinking  and  loss, 
aaintaining  it  in  an  enclosed  systea.  The  "dynactor"  can  also  be  applied 
for  aeration,  ozonation,  neutralization,  and  precipitation. 

Preliainary  work  and  studies  for  the  "dynactor"  were  conducted  under 
contract  to  the  Environaental  Protection  Agency  (Contract  Nuaber 
68-01-0123).  The  feasibility  study  resulted  in  the  developaent  of  a 
physical -cheaical  treataent  systea  capable  of  processing  contaainated  water 
at  a  rate  of  five  gallons  per  ainute  (5  GPM).  The  feasibility  study  by  John 
S.  Greer  (1976)  reports  the  further  developaent  of  the  systea  to  the  point 
that  it  can  be  used  as  a  self-contained  unit  aounted  in  a  highway  trailer. 
This  systea  is  capable  of  aspirating  5  X  10^  ft.^/ain  of  air  while  puaping 
and  treating  approxiaately  2S0  GPN  water. 
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Th«  "dynactor"  is  essentially  a  ucroscopic  diffusion  puap.  Liquid 
enters  the  systea  under  a  pressure  of  40  to  100  pounds  per  square  inch  and 
is  atomized  into  thin  films  and  droplets  vith  an  average  thickness  or 
diameter  of  less  than  1/64  inch.  The  liquid  discharge  expands  into  a 
reaction  chamber  entraining  air  or  gas  within  the  moving  film  and  particles 
similar  to  a  venturi  eductor.  The  interior  design  is  such  that  the 
gas-liquid  turbulence  is  established  by  the  time  the  mixed  fluid  exits  the 
reaction  chamber  and  enters  into  the  separation  reservoir. 

The  entering  air  is  accelerated  from  low  velocity  and  atmospheric 
pressure  to  high  velocity  at  a  vacuum  as  it  enters  the  reaction  chamber. 

This  allows  the  “dynactor"  to  aspirate  up  to  4,800  standard  volumes  of  gas 
per  volume  of  motive  liquid. 

The  "dynactor"  has  been  developed  in  such  a  way  that  it  is  possible  to 
meter  liquid,  gas,  or  powder  into  a  flowing  stream  of  contaminated  water  in 
stoichiometric  quantities.  This  would  allow,  for  example,  lime, 
bicarbonate,  or  powdered  carbon  to  be  metered  by  aerosolization  directly 
into  the  flowing  contaminated  liquid,  resulting  in  decontamination  by 
neutralization,  precipitation,  or  absorption.  Having  no  moving  parts  and  no 
constrictions,  the  "dynactor"  should  require  little  maintenance. 

Magnetic  separation  was  shown  capable  of  recovering  99  percent  of  the 
flocculated  carbon.  By  adding  25  percent  magnetic  material,  such  as  finely 
divided  iron  oxide,  to  the  powdered  carbon  used  to  feed  the  “dynactor",  and 
then  adding  2  ppm  of  a  polyelectrolyte  flocculating  agent  at  the  effluent 
end,  quantitative  removal  is  possible. 
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The  cost  of  a  unit  capabla  of  handling  2500  ppu  water  was  approxiaately 
$400,000  in  the  Greer  report  (1976).  The  equipment,  being  aainly  designed 
for  land  use,  would  require  modifications  for  marine  applications. 

MECHAMICAL  CLEAN-UP  METHODS 

To  minimize  the  environmental  impact  of  a  hazardous  chemical  spill,  as  well 
as  facilitate  its  cleanup  and/or  disposal,  it  should  be  contained  within  as 
small  an  area  as  possible.  Advantages  which  may  be  obtained  by  the  quick 
response  toward  containing  a  spill  include  the  minimization  of  damage  to  the 
environment,  the  facilitation  of  the  on-site  cleanup  operations,  and  the 
prevention  of  the  lateral  spread  with  the  corresponding  dispersion  of  the  spill 
into  other  waterways. 

For  those  personnel  directly  involved  in  the  spill,  personal  safety  is  the 
prime  consideration.  If  possible,  the  first  line  of  defense  should  be  to  stop 
the  spill.  Others  in  the  area  should  be  warned  of  the  problem  and  potential 
hazards.  The  appropriate  authorities  should  be  informed,  giving  them  as  much 
information  as  possible.  This  could  include  such  items  as  the  location  of  the 
spill,  time  of  the  spill,  the  amount  of  material  released,  the  known  potential 
hazards  of  the  substance,  «ny  personnel  injuries,  the  extent  of  the  equipment  or 
container  damage,  and  weather  or  environmental  conditions.  The  spill  area 
should  be  isolated,  and  restricted  to  only  those  personnel  directly  involved  in 
the  clean-up  actions.  Clean-up  personnel  should  be  made  knowledgeable  of  any 
potential  hazards,  i.e.,  toxicity,  flame/explosion  hazards,  the  need  of 
respiration  equipment.  The  officer  in  charge  should  make  it  clear  who  he  or  she 
is,  in  order  to  ensure  the  smooth  coordination  and  handling  of  the  clean-up 
efforts. 
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For  a  floating  hazardous  cheaical  spill,  tha  fundaaental  concern  will  be  to 
prevent  the  lateral  spread  of  the  hazardous  aaterial.  Loss  of  lateral  control 
implies  spreading  which  will  result  in  aore  widespread  surface  dEaage  the 
environment,  as  well  as  the  increased  difficulty  presented  to  the  detoxification 
and  cleanup  personnel.  For  a  floating  hazardous  cheaical,  some  vertical  spread 
may  be  expected  in  the  fora  of  droplets  becoaing  entrained  in  the  water  column, 
as  well  as  in  the  fora  of  the  possibility  of  soae  eaulsification.  This  possible 
vertical  spread  increases  with  tiae,  and  requires  quick  action  to  limit  its 
extent.  Vertical  spread  can  also  occur  via  evaporation.  Seducing  the  vapori¬ 
zation  rate  with  substances  such  as  foaas,  discussed  elsewhere,  nay  be  iapor- 
tant  to  reduce  possible  explosion  hazards. 

Booms 

A  large  variety  of  boon  devices  has  been  developed  for  the  containment 
of  oil  spills.  In  most  cases,  these  devices  cou.ld  readily  be  applied  toward 
the  containment  of  floating  hazardous  chemicals.  Several  properties  of  a 
boom  must  be  carefully  analyzed  before  the  selection  is  made  for  application 
in  the  field. 

Many  booms  are  constructed  with  organic  material,  which  may  be  dis¬ 
solved  by  the  hazardous  floating  chemicals.  This  is  due  to  the  construc¬ 
tion  and  spill  materials  having  similar  chemical  and  physical  properties. 
Under  these  circumstances,  the  adage  "like  dissolves  in  like"  cones  into 
play  and  could  seriously  hinder  cleanup  and  containment  efforts.  High 
solvency  hazardous  floating  chemicals  will  remove  plasticizing  agents  from 
polymeric  materials  over  tine.  This  action  can  seriously  effect  the  elastic 
and  tensile  properties  of  the  material  being  acted  i^n,  with  the  final 
result  being  failure  of  the  containment  system. 
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Many  boom  systaas  ust  groaaats  and  various  other  aetcllic  fastening 
systeas.  Several  systeas  use  galvanized  chain  as  ballast  at  the  base  of  the 
booa  skirt.  Care  should  be  taken  to  choose  a  booa  systea  that  has  as  little 
aetal  exposed  as  possible  to  liait  a  spai?*  fire  hazard  in  deployaent. 

Draft  and  freeboard  of  booa  aay  help  liait  the  aaount  of  hazardous 
aater:'al  pulled  under  or  allowed  to  splash  over  the  containaent.  The  proper 
choice  will  significantly  affect  perforaance  in  high  current  or  high  wave 
environaents . 

Booa  configuration  and  deployaent  significantly  effect  its  perfor¬ 
aance.  Studies  by  McCracken  and  Schwartz  (1977)  at  OHMSETT  have  deaon- 
strated  head  wave  shedding  and  subsequent  entrainaent  as  the  priaary  aode 
of  failure  for  booas.  This  phenoaenon  is  directly  related  to  droplet 
foraation  and  the  relative  velocity  between  the  slick  and  the  water. 

Test  fluids  of  relatively  high  specific  gravity  had  the  tendency  to  become 
entrained  via  droplet  foraation,  resulting  in  shedding  loss  occurring  at 
lower  booa-tow  speeds.  The  OHMSETT  studies  indicated  that  the  physical 
properties  of  the  spill  and  the  hydrodynaaic  conditions  ultiaately  deter¬ 
mined  the  aaxiaua  tow  speed  at  which  a  boon  could  control  the  spill. 

Critical  tow  speeds,  the  speed  at  which  either  the  boon  fails  (boon 
stability)  or  the  hazardous  aaterial  spill  cannot  be  controlled  by  the 
booa,  is  therefore  limited  by: 

o  Shedding  -  Droplet  foraation  and  entrainaent  of  droplets  under  the 
boon; 

o  Splashover  -  Spill  is  periodically  heaved  over  the  booa  freeboard  by 
waves;  and 
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o  Vashovar  -  Larga  aaounts  of  spill  aatarial  art  haavad  ovar  the  boos  by 
vavas.  coabinad  with  partial  subaarganca  and  tha  corrasponding  loss  of 
fraaboard  of  tha  booa. 


Critical  tow  spaad  ganarally  deaonstratas  an  invarsa  relationship  with  the 
hazardous  aaterial's  specific  gravity. 


A  study  conducted  by  Breslin  (1978)  at  OHMSETT  caae  up  with  the 
following  conclusions  (which  could  be  applied  to  hazardous  aaterials)  in 
applying  boons  to  oil  spills. 

o  If  a  straight  diversionary  boon  is  deployed,  parachute  nooring  lines  are 
necessary.  The  dianeter  of  the  lines  should  be  snail,  to  linit  generating 
standing  waves  which  can  entrain  oil; 

o  Tha  angle  of  the  boon  in  relation  to  the  current  directly  affects  boon 
perfornance.  The  none  perpendicular  to  the  current  the  boon  is  deployed, 
tha  lower  the  speed  at  which  oil  loss  and  boon  stability  failure  occur; 

o  Oil  losses  were  predoninately  shedding  in  nechanisn.  The  horizontal 

vertical  action  of  the  water,  with  entrained  droplets  passing  beneath  the 
booa  skirt,  tended  to  draw  nuch  of  the  entrained  oil  into  a  quiescent  zone 
behind  the  boon. 

o  Nozzle  booa  configurations  appear  to  be  better  than  straight  diversionary 
techniques  in  nininizing  oil  losses.  Nozzle  shaped  configurations  have 
less  entrainnent  and  fewer  standing  vortices  when  conpared  to  straight 
diversionary  nethods. 


It  should  be  aentioned,  however,  that  nozzle  configurations  nay  be  harder  to 
deploy  in  actual  field  conditions,  and  sons  loss  in  perfornance  could 
result. 


Boons  should  be  enployad  in  tha  diversionary  node  in  any  body  of  water 
which  has  an  appreciable  current.  Skinning  devices  have  a  very  liaitcd 
perfornance  capability  in  regions  of  high  flow,  and  nay  be  useless  if  the 
currant  approaches  five  knots.  By  directing  tha  spill  toward  a  region  of 
lass  flow,  skinning  devices  or  other  nethods  used  to  collect  spill  naterial 
will  be  greatly  enhanced. 
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Skining  barriers  have  bean  davalopad  which,  in  essence,  are  boons  with 
integrated  skinning  weirs.  In  application,  the  barrier  is  towed  along  one 
or  both  sides  of  a  vessel  by  lightweight  outriggers.  As  the  contaninant  is 
collected  in  the  skinning  weirs,  it  is  transferred  to  a  storage  facility  via 
a  punping  systen  and  a  density  separating  device. 

Renoval  Devices 

Renoval  devices  have  nany  nechanisns  of  operation.  These  can  generally 
be  categorized  as: 


o  Moving  plane  skinners  -  the  pick>up  device  consists  of  a  netal  or  plastic 
*heet  which  descends  through  the  spill  into  the  water  and  rises  back  out 
of  the  water  containing  the  adhered  naterial.  which  is  wiped  off  and 
drained  into  a  reservoir  while  the  blade  continues  on  its  cycle; 


o  Belt  skinners  -  the  pick-up  elenent  is  a  noving  belt  constructed  of 
absorbing  naterial.  The  spilled  substance  is  absorbed  on  the  belt  and 
squeezed  off  into  a  containnent  reservoir; 


o  Suction  head  skinners  -  the  spill  naterial  enters  the  suction  head  pick¬ 
up  area  due  to  flow  of  the  spill.  Suction  is  applied  to  the  pick-up  area 
of  the  suction  head,  renoving  the  spill  naterial  to  another  container; 


o  Weir  skinners  -  the  spill  naterial  enters  a  pick-up  region  in  the  weir 
due  to  flow  of  the  spill  on  the  water  over  a  lip,  fron  which  it  descends 
into  a  collecting  vessel.  The  spill  naterial  is  then  reaoved  by  suction 
with  a  punp  or  inpeller;  and 


o  Rope  skinners  -  a  continuous  rope  nop  is  pulled  over  the  water  surface, 
collecting  the  spilled  naterial.  The  rope  then  enters  a  wringer  and 
returns  to  the  contaninated  region  to  recover  nore  liquid. 
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In  th«  study  by  McCracken  and  Schwartz  (1977)  at  the  OHMSBTT  test 
facility,  it  was  shown  that  stationary  skiner  perfonance  was  dependent  on 
the  physical  properties  of  the  spill  aaterial  and  the  wave  conditions 
tested.  Floating  suction  head  skinners  and  self-adjusting  weir  type 
skinners  were  denonstrated  to  have  hi^er  efficiency  with  higher  density 
hazardous  naterials.  An  oleophilic  rope-type  skinner  used  in  this  test  had 
a  perfomance  in  waves  optinized  at  close  to  80%  recovery  efficiency. 

Advancing  skinners  also  were  shown  to  have  a  strong  relationship  between 
their  perfornance  and  the  physical  properties  of  the  spill  naterial.  For 
the  Dip-1002  skinner  which  was  tested,  the  tow  speed  at  which  naxinun 
perfomance  occurred  was  dependent  on  the  hazardous  naterial 's  density.  The 
low  density  Naptha  used  in  the  test  was  best  recovered  at  the  relatively 
high  tow  speed  of  1.14  n/s.  The  denser  dioctyl  phthalate  had  an  optinun 
recovery  rate  perfomance  at  the  lower  tow  speed  of  .25  n/s. 

These  results  can  be  explained  as  follows.  The  dynanic  inclined  belt 
is  constructed  to  induce  a  flow  velocity  relative  to  the  spill  naterial. 

For  fluids  which  tend  to  fom  large  dianeter  droplets  on  breakaway,  such  as 
the  dense  dioctyl  phthalate,  and  have  a  longer  rise  tine,  collection 
efficiency  is  increased  at  lower  speeds,  since  it  takes  nore  tine  for  the 
droplets  to  rise  into  the  oil  collection  well.  As  the  tow  speed  increased, 
the  probability  of  the  fluid  droplets  rising  behind  the  collection  well 
correspondingly  increased.  The  reverse  holds  true  for  low  density  hazardous 
naterials. 

Moving  plane  and  belt  skinners  which  utilize  adhesion  nechanisns  are 
highly  selective  for  contaninants;  but  are  restricted  in  their  ability  to 
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r««ov«  auch  volmc  p«r  vinit  tia*.  skinwrs  arc  ganarally  largar,  aore 

co^plax,  and  cost  aore  than  suction  haad  or  wair  skiaaar  devicas. 

Suction  haad  and  wair  skiaaars  ara  capabla  of  raaoving  a  larga  voluae 
of  a  contaainant  in  rapid  fashion,  but  nay  also  ranova  a  high  parcantaga  of 
vatar  in  tha  procass.  As  nora  watar  is  brought  in,  a  storaga  problaa  aay 
davalop,  rastricting  the  affactiwanass  of  tha  use  of  these  devices. 

Several  skinning  devices  have  bean  developed  which  adjust  to  tha  depth 
of  a  floating  contaainant  by  varying  tha  puap  rata  of  the  suction  punp 
applied  to  tha  device.  By  reducing  tha  puap  rata,  tha  wair  edge  will  rise, 
resulting  in  less  naterial  being  skinned.  Speeding  up  the  punp  causes  the 
wair  to  sink  and  skin  nora  of  tha  naterial. 

In  choosing  the  type  of  renoval  device  to  enploy,  sone  of  the  factors 
used  in  tha  choice  of  a  boon  systaa  ara  again  worthy  of  thought.  Those 
devices  which  utilize  notors  for  propulsion  and/or  belt/blade  rotation 
should  be  constructed  in  such  a  nannar  as  to  reduce  tha  possibility  of  spark 
generation  which  could  result  in  fire  or  an  explosion.  Tha  naterial  or 
device  used  to  absorb  tha  spill  naterial  should  be  co^>atible  with  the  spill 
naterial  and  not  dissolve  or  break 

Again,  nany  renoval  devices  ara  available  on  tha  narkat  which  would  be 
suitable  for  hazardous  naterial  a^lications,  as  long  as  tha  factors 
nantionad  above  ara  covered. 

Dispersion  and  Dilution 

Por  the  vast  najority  of  spill  occurrences,  containnant  should  be  tha 
choice  of  action  over  dispersion.  Dispersion  should  be  taken  as  a  spill 
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aaclioration  tachxiiqua  only  after  all  other  possible  actions  have  been 
eliminated  from  the  list  of  consideration. 

Dispersive  methods  act  to  spread  the  spill,  effectively  diluting  it  in 
such  a  manner  that  the  concentration  of  the  material  within  a  small  radius 
of  the  spill  site  is  reduced  to  below  recommended  limits.  Dispersion  may  be 
applicable  under  the  following  conditions: 

o  A  spill  occurs  in  open  water,  in  which  case  the  rapid  dilution  of  the 
chemical  may  be  expected; 

o  a  spill  occurs  in  a  small  stream  flowing  into  a  large  river,  in  which 
case  the  greater  flow  would  enhance  quick  dilution;  and 

o  A  spill  occurs  at  the  mouth  of  a  harbor  with  fast  tidal  currents  which 
would  hamper  or  defeat  other  methods  which  might  be  attempted  to  contain 
or  recover  the  spill. 

Numerotis  methods  and  devices  are  available  to  aid  in  the  dispersion  of 
floating  chemicals.  Water  spray  from  a  fire  hose  can  effectively  break  up 
and  enhance  the  dispersion  of  a  spill.  Care  must  be  taken  to  limit  or 
prevent  any  caustic  or  hazardous  spill  material  from  personnel  contact. 
Aeration  systems  can  be  deployed  to  allow  air  bubbles  to  disperse  the 
material.  Propwash  can  be  applied  to  push  the  spill  downstream  toward  a 
high  flow  area. 

Many  jet  blower  systems  are  available  commercially  for  use  in  this 
application.  These  systems  are  utilised  to  help  remove  snow  from  railroads 
or  to  disperse  fog.  The  number  of  blowers  required  would  depend  on  such 
factors  as  the  nature  of  the  natural  wind,  and  how  much  vapor  concentration 
reduction  is  desired  and/or  required. 
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Dispcrsim  and  dilution  hav*  tha  advantaga  of  possibly  lovaring  tha 
vaporization  rata  by  lovaring  tha  aaount  of  haat  transfar  across  tha  spill, 
and  could  affactivaly  lowar  tha  vapor  concantration.  This  would  tand  to 
raduca  fira  and  toxicity  hazards  to  rasponsa  taan  parsonnal.  Dilution  could 
affactivaly  conbat  tha  rasults  of  a  strong  acid  or  basa  spill. 

Encapsulation 

Encapsulation  of  a  hazardous  cbanical  spill  utilizing  a  floating  booa 
anclosura  with  an  alastoaarlc  nanbrana  cover  could  ba  anployad  to  contain 
toxic  vapors  with  close  to  100%  efficiency.  Tha  nathods  to  deploy  such  an 
apparatus  quickly  and  safely  would  have  to  ba  studied  further. 

Many  floating  cover  asseablias  are  fabricated  for  a  variety  of 
applications.  As  long  as  the  assasbly  would  not  react  cheaically  with  the 
floating  hazardous  cheaical,  nodifications  should  ba  aininal. 

Tha  selection  of  tha  encapsulating  aaterial  and  application  would 
depend  on  factors  such  as  aaterial  coapatibility  (esntioned  above),  spill 
size,  wai^t,  cost,  availability,  portability,  reuse  and/or  disposal 
raquiraaants,  environaental  co^atibility,  and  interfacing  with  available 
spill  raaoval  systaas.  Materials  such  as  polyethylene,  polyvinyl  choloride 
and  siallar  plastics  should  ba  avoided  due  to  their  reactivity. 

Close-Packed  Particles 

By  applying  saall,  lightweight,  gaoaatrically  shaped  particulates  over 
a  spill  surface,  it  nay  ba  possible  to  produce  a  ^ysical  barrier  which 
would  raduca  tha  vaporization  rata.  These  particulates  serve  to  insulate 
tha  surface,  causing  a  reduction  in  tha  haat  transfar  idiich  is  required  to 
enhance  vaporisation. 
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6rMr  (1976)  reported  thet  Plestic  Syeteu,  Inc.,  of  Sente  Anne, 
Celifomie,  hes  developed  e  perticulete  systea  which  is  besed  m  the 


geometry  of  e  dodecehedron.  One  thousend  perticles  will  cover  e  region  of 
.38  (4.12  ft^).  By  forming  a  close  pecked  geometry,  epproxiaately  10*^ 

perticles  could  cover  e  spill  of  10,000  gallons.  Assuming  e  price  of  $0.01 
per  particle,  materiel  costs  for  the  spill  should  be  about  $100,000. 

To  be  most  effective,  the  geometric  shape  should  be  chemically 
resistant  to  the  spill  material.  Other  than  calm  conditions  could  hamper 
particle  distribution  and  the  ability  of  the  particles  to  fora  a  close 
packed  single  layer. 

Vapor  Dilution 

By  transferring  and  mixing  uncontaminated  air  with  the  vapors  resulting 
from  a  hazardous  chemical  spill,  dilution  may  lower  the  concentration  of 
hazardous  vapors  below  their  TLV  or  LFL.  Dilution  of  this  type  would  be 
possible  by  applying  an  artificial  wind.  This  method  would  be  acceptable  in 
unpopulated  areas,  and  could  serve  to  reduce  the  flammability  and  toxicity 
hazards  confronting  the  cleanup  crew. 
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POSOWU;.  PBOTBCTIVB  BQDIPIgllT 

Skin  is  s  spscialissd  organ  coi^sad  of  both  living  at^  nmliving 
conponants.  Its  variad  functions  and  prqpartias  can  ba  attributed  to  tha 
arranganant  of  its  network  of  different  tissues,  including  sense  organs,  nerves, 
glands,  blood  vessels,  connective  tissue,  and  fat.  The  tissue  orientation  of  the 
skin  has  three  recognizable  layers:  the  epidemis,  the  demis,  and  the 
subcutaneous  fat. 

The  skin  has  nany  functions  associated  with  the  naintenance  and  well  being 
of  an  organisn.  The  function  of  aajor  concern  for  this  study  is  the  vital  role 
the  skin  perforas  in  protecting  the  internal  nilieu  of  the  organise  frow 
exposure  to  potentially  haraful  aaterials  found  in  the  external  environaent. 

The  epiderais,  being  coaposed  of  keratinized  resistive  cells,  provides  the 
body's  first  line  of  defense  against  bacterial  infection,  aechanical  injury,  and 
cheaical  abuse.  Most  cheaical  substances,  excluding  the  few  such  as  "poison 
ivy”  and  cheaical  warfare  agents,  have  long  been  thought  to  be  unable  to 
penetrate  the  skin.  It  is  now  known  that  direct  contact  with  aany  cheaical 
substances  taxes  the  ability  of  the  skin  to  protecting  the  organisn.  The 
result  of  the  penetration  of  foreign  substances  into  underlying  tissue  can 
result  in  that  substance,  or  one  of  its  aetabolic  byproducts,  entering  the  blood 
systen.  Once  the  cheaical  is  circulating  in  the  body,  it  can  express  itself  by 
producing  severe  daaage  to  such  organs  as  the  liver  and  kidneys;  or  it  nay 
possibly  lead  to  cancer  or  other  delayed  effects. 

Zn  order  to  ainiaize  the  potential  hazards  to  spill  response  personnel  when 
confronted  with  exposure  to  cheaicals,  cheaical  protective  clothing  should  be 
used  in  conjunction  with  good  engineering  practice  and  carefully-planned  work 
procedures. 
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Prot«ctiv  Clothing  LlMitations 

Guid«lii»«  for  th€  S«l«cti<»  of  Ch««ical  Prot«ctiv  Clothing  (Schwope, 
et  al.,  1983),  a  coapilation  of  inforaation  ccmcarning  the  use  of  protective 
clothing  irtien  handling  hazardous  chenicals,  is  a  very  infomative  guide  from 
which  the  following  waterial  has  been  extracted. 

The  perfomance  of  Chewical  Protective  Clothing  (CPC)  as  a  boundary 
between  the  cheaical  and  the  worker  is  directly  related  to  the  aaterials  and 
the  quality  of  construction  of  the  CPC.  The  wajority  of  CPC  presently 
available  on  the  aarket  today  are  coaposed  of  plastic  and  elastoaeric 
aaterials.  Hazardous  aaterials  interact  with  the  plastics  and  elastoaerics 
by  a  variety  of  aechanisas.  Due  to  the  different  aethods  of  interaction,  no 
one  type  of  aaterial  can  be  resistant  to  all  chenicals.  No  plastic  or  rubber 
clothing  can  be  categorized  as  iaperaeable.  In  fact,  for  certain  chenicals, 
there  is  no  connercially  available  glove  or  clothing  that  can  provide  sore 
than  an  hour's  protection  following  contact  with  the  cheaical. 

The  construction  of  a  piece  of  clothing  can  greatly  influence  its 
perfomance  as  a  barrier  to  a  hazardous  cheaical.  Stitched  seans  and 
fastening  devices,  i.e.:  zippers  and  buttons,  nay  present  a  highly 
penetrable  route  for  cheaical  peraeation  if  proper  care  is  not  taken  to 
overlap  the  area  with  tape,  a  flap,  or  a  coating.  Pinholes  say  occur  in 
plastic  or  rubber  products  due  to  poor  nanufacturing  processes  or  poor 
quality  control.  The  thickness  of  the  clothing  aay  also  vary  fron  point  to 
point.  Due  to  these  problens,  it  aay  be  better,  in  sone  cases,  to  use  a 
Bulti-layer  approach  in  clothing  to  help  eliainate  routes  of  entry. 
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The  typ«  of  clothing  to  b*  usod  is  directly  related  to  its  node  of 
application.  One  of  the  nain  factors  will  be  the  type  of  chenical  which 
will  COM  in  contact  with  the  clothing.  In  order  to  reduce  possible  worker 
injury,  the  clothing  should  be  the  nost  resistant  type  awailable  to  that 
type  of  chenical. 

The  degree  of  activity  in  which  the  worker  will  be  engaged,  as  well  as 
the  environMnt,  should  also  be  considered.  Li^t  work  or  nild  activity  way 
allow  the  use  of  a  less  durable  type  of  clothing,  in  environMnt  in  which 
there  is  a  hazard  of  the  clothing  being  punctured  or  tom  will  require  a 
■ore  durable  piece  of  aaterial. 

Vorker  coafort  is  also  a  Mjor  factor  in  choosing  a  particular  type  of 
CPC.  Clothing  which  is  c\iabersoM  and  restrictive  can  hasten  the  onset  of 
fatigue.  If  a  vorker  is  to  wove  safely  and  effectively,  fatigue  and 
irritability  should  be  reduced. 

Cost  is  another  factor  which  should  be  considered  when  selecting  which 
type  of  clothing  will  be  utilized  for  a  particular  application.  In  some 
cases,  it  My  be  Mre  cost  effective  to  use  multiple  changes  of  less 
expensive,  less  durable  clothing  rather  than  hi^  perforaance,  high  cost 
clothing  over  an  extended  period.  This  could  be  an  iaportant  consideration 
in  combating  a  spill  which  has  the  properties  of  high  tenacity  or 
perMability,  Mking  the  decontaaination  of  the  clothing  a  questionable 
proposal.  If  the  aultiple  change  route  is  chosen,  disposal  costs  My  becoM 
an  issue  of  concern. 
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Surfac*  contamination  can  oftan  ba  ramovad  by  scnibbing  with  soap  and 
watar.  Savaral  factors  should  ba  considarad  whan  dacontaminating  tha 
clothing.  Tha  affluant  obtainad  from  the  soap  and  watar  scnibbing  process 
itself  may  ba  hazardous.  Cara  should  ba  taken  to  ensure  that  it  is  properly 
disposed  of. 

Scrubbing  itself  could  lead  to  a  reduced  performance  of  the  clothing  in 
its  next  application.  Scrubbing  tha  material  can  open  its  weave  or  pores, 
allowing  easier  penetration  of  tha  next  chemical  encountered.  Scrubbing  may 
also  push  some  of  the  chemical  further  into  the  material,  which  may 
eventually  diffuse  to  the  inside  surface  of  the  clothing.  Unless 
decontamination  is  rendered  with  proper  care,  the  reuse  of  CPC,  once  it  has 
been  in  contact  with  highly  toxic  chemicals,  is  not  advisable. 

Once  the  clothing  has  coma  into  contact  with  a  hazardous  chemical,  the 
diffusion  of  tha  chemical  from  tha  outside  to  tha  inside  surface  is  a  major 
concern.  Pick's  first  law  of  diffusion  states  that  tha  flux,  i.e.,  the  net 
amount  of  the  solute  that  diffuses  through  a  unit  area  par  unit  time,  is 
directly  proportional  to  tha  concentration  gradient.  This  can  be 
mathematically  expressed  as, 

J  ■  D  dc  -  where  6c 

Ti^t)  ?5(t) 

is  the  concentration  gradient  of  the  diffusing  substance  after  tine  t  of 
diffusion,  D  is  the  diffusim  coefficient  of  the  diffusing  substance  in  the 
medium  of  interest,  and  J  is  the  flux.  Increasing  the  area  over  which  a 
concentration  gradient  exists,  allows  more  diffusim  to  occur. 

The  following  generalities  can  be  observed  when  considering  the 
diffusion  of  substance  throu^  the  protective  clothing: 
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o  Is  ths  tsspsrsturs  incrsssss,  ths  rats  of  diffusion  incraasas; 


o  Paraaation  is  invarsaly  proportional  to  thicknass;  and 


o  Braakthrou^  tiaa,  tha  alapsad  tina  froa  initial  contact  of  ths  chaaical 
on  tha  outsida  surfaca  to  tha  first  dataction  of  tha  chaaical  on  the 
inside  surfaca,  is  directly  proportional  to  tha  square  of  tha  thickness 
of  tha  CPC. 


Once  a  chaaical  has  kagun  to  diffusa  through  a  aaterial,  it  will 
continue  to  diffusa  even  if  tha  outer  surfaca  is  decontaainatad .  This  is 
due  to  tha  concentration  gradient  still  present  within  the  aaterial. 


CPC  is  usually  classified  into  tha  following  categories  shown  in 
Table  Ill-l. 


TABLE  III'l.  CHEMICAL  PBOTECTIVE  CLOTHING  CATEGORIES 


A. 

Head,  Face,  and  Eyas 

D.  Coaplata  Torso 

Hoods 

Coveralls 

Face  Shields 

Full-body  Encapsulating 

1 

Goggles 

Suits 

B. 

Hands  and  Ams 

E.  Feet 

Gloves 

Boots 

Sleeves 

Shoe  Covers 

C. 

Partial  Torso 

Coat 

Jacket 

Pants 

Apron 

Bib  Overalls 

i 

! 
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Horkcrc  responding  to  a  spill  should  ensure  that  they  are  protected 
fron  the  hazards  associated  with  a  particular  chemical  through  judicious 
choice  of  the  proper  protective  clothing  froe  the  above  categories.  The 
worker  should  inspect  the  clothing  to  ensure  it  is  aade  of  the  correct 
■aterial  for  the  chemical  to  which  it  will  be  exposed.  Care  should  be  taken 
to  Inspect  the  clothing  for  the  following  items: 


o  Check  the  clothing  for  punctures,  rips,  and  tears.  Pinhole  punctures  may 
be  observed  by  holding  the  material  up  to  a  light.  Glove  integrity  nay 
be  inspected  by  blowing  it  up  and  then  applying  pressure  by  attempting  to 
roll  the  glove  up.  Punctures  will  present  themselves  as  areas  through 
which  the  air  escapes. 

o  Check  for  discoloration  or  stiffness  present  in  the  material.  These  signs 
may  present  evidence  that  the  permeation  resistance  of  the  material  is 
greatly  reduced. 

o  Check  for  the  proper  operation  of  all  fasteners.  Broken  fasteners  will 
prevent  the  establishment  of  the  full  integrity  of  that  piece  of 
clothing,  as  well  as  possibly  hinder  the  removal  of  the  clothing  in  an 
emergency. 


Once  the  clothing  has  been  inspected,  it  should  be  donned  in  such  a 
manner  in  that  the  overall  integrity  and  function  of  the  clothing  is 
obtained.  Personnel  should  inspect  each  other  to  ensure  that  all  closures 
are  secured.  The  clothing  should  not  be  tight,  since  movement  nay  result  in 
tears  or  nay  limit  the  movement  of  the  worker  resulting  in  fatigue.  Loose 
clothing  may  present  a  snag  hazard  or  compromise  the  dexterity  of  the 
individual . 


During  the  performance  of  the  task  at  hand,  workers  should  periodically 
inspect  their  clothing  to  ensure  that  tears,  closure  failure,  or  any  other 
mechanism  which  might  result  in  chemical  entry  has  not  occurred.  If  any 
piece  of  clothing  is  damaged,  the  worker  should  leave  the  direct  vicinity  of 
the  spill  and  properly  remove  and  replace  the  damaged  clothing. 
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When  reaoving  clothing,  workers  should  take  care  to  restrict  the 
spreading  of  the  chenical  froa  the  work  area.  This  objective  can  be 
reinforced  by  establishing  an  exit  area  that  acts  as  a  buffer  between  the 
spill  scene  and  the  surrounding  area. 

Respiratory  Protective  Equipaent 

In  order  to  ensure  the  aaintenance  of  life,  the  body  oust  assiailate  a 
large  nuaber  of  different  siibstances,  the  aost  urgent  being  a  continual 
supply  of  oxygen,  lir  is  approxiaately  78%  (nitrogen)  by  voluae  21% 

(oxygen)  by  voluae  and  less  than  1%  other  gases  by  voluae. 

The  respiratory  systea  design  provides  the  body  with  a  barrier  to  help 
eliainate  probleas  encountered  with  inspired  air.  Dust  and  bacteria  present 
in  inspired  air  are  precipitated  in  the  aucous  that  covers  the  aucosal 
aeabrane  of  the  respiratory  tract.  The  cilia  present  within  the  nasal 
passages  wove  the  entrapped  particles  outward.  This  aechanisa  can  be 
overloaded  as  is  observed  by  the  extensive  injury  that  results  froa  the 
interaction  of  aetal  and  aineral  dust.  The  sharpness  and  cutting  ability  of 
this  type  of  dust  can  result  in  the  disposition  of  particles  in  the  lungs, 
leading  to  conditions  such  as  those  found  in  black  lung,  often  related  to 
aining. 

The  olfactory  capabilities  of  the  body  often  warn  the  individual  of 
possible  hazards  by  detecting  hazardous  aaterials  before  their  concentration 
has  reached  a  dangerous  level.  However,  the  threshold  level  for  detecting 
soae  substances  by  saell  is  soaetiaes  above  or  very  close  to  the  level  at 
which  the  substance  is  hazardous.  In  soae  cases,  the  olfactory  nerves 
becoae  "overloaded”  and  cannot  sense  changes  in  concentration  of  a 
substance. 
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Once  a  hazardous  vapor  has  entered  the  gas  exchange  region  of  the  lungs 
it  can  diffuse  into  the  bloodstrean.  Depending  on  the  aaount  inspired  and 
the  nechanisn  of  action  of  that  cheaical  in  the  body,  tissue  danage  or  death 
■ay  occur. 

Due  to  the  variations  in  susceptibility  and  ability  to  detect 
hazardous  vapors,  care  should  be  taken  when  approaching  a  hazardous  cheaical 
spill.  Soae  substances  such  as  carbon  Bonoxide,  will  be  iapossible  to 
detect  by  odor  alone. 

In  order  to  properly  confront  the  spill,  the  identity  of  the  spilled 
constituent  should  be  deterained.  Froa  this  inforaation,  and  consultation 
with  a  health  and  safety  professional,  the  OSC  should  be  able  to  deteraine 
if  the  use  of  respiratory  equipaent  will  be  required.  Air  saapling  devices, 
such  as  Draeger  tubes,  can  be  used  to  get  an  idea  as  to  the  vapor 
concentration  of  the  hazardous  cheaical  above  the  spill.  However,  the  use 
of  direct  reading  instruaentation  for  eaergency  response  applications  is 
very  liaited. 

Classification  and  Description  of  Hespiratory  Protective  Devices 

Howard  H.  Fawcett  (19S4),  in  his  book,  presents  a  concise  discussion  of 
respiratory  equipaent.  Inforaation  derived  froa  this  source  is  presented 
below. 

Self-contained  breathing  apparatus  (SCBA)  generally  provides  the 
aaxiaua  protection  against  respiratory  hazards.  SCBA  is  designed  to  supply 
coaplete  respiratory  protection  to  an  individual.  If  this  equipaent  is 
utilized  in  an  environaent  in  iritich  vapors  aay  present  significant  toxicity 
through  the  skin,  cos^lete  skin  protection  should  also  be  used. 


ZZI-48 


Since  SCBA  requires  no  external  air  supply  connection,  it  can  easily  be 
applied  to  energency  situations;  it  can  also  be  used  for  entry  into  confined 
spaces.  This  node  of  equipaent  could  be  applied  where  worker  nobility  is 
essential,  such  as  those  cases  in  which  the  worker  is  cranpcd  for  space  while 
atteapting  to  stop  or  repair  a  leak  on  a  barge  or  ship. 

Personnel  donning  SCBA  should  ensure  they  wear  the  equipaent  correctly. 
If  a  proper  facepiece  seal  is  not  established,  the  hazardous  substance  will 
still  have  a  pathway  to  the  respiratory  tract. 

One  of  the  aajor  culprits  for  preventing  a  proper  seal  is  facial  hair. 
Personnel  who  nay  need  to  use  any  type  of  breathing  apparatus  should  ensure 
that  their  facial  hair  is  triaaed  to  the  point  where  interference  with  the 
achievenent  of  a  proper  seal  is  elininated. 

The  open-circuit  type  SCBA  asseably,  consisting  of  an  air  cylinder,  an 
air  line  and  regulator,  and  a  face  aask,  is  the  aost  widely  used  SCBA  style. 
The  air  supply  tine  is  dependent  on  the  size  and  pressure  in  the  air 
cylinder.  The  positive  pressure  regulation  is  the  aost  recoaaended  type 
since  it  naintains  a  positive  pressure  in  the  face  aask,  reducing  the  chance 
of  leakage  froa  the  external  environaent. 

Closed-circuit  SCBA  assenblies  which  reaove  the  exhaled  carbon  dioxide 
have  been  designed  with  a  service  life  of  up  to  four  hours.  An  oxygen 
breathing  apparatus  (OBA),  developed  for  ailitary  use,  uses  potassiun 
superoxide  as  the  oxygen  source  and  carbon  dioxide  absorber.  The  OBA's  have 
rated  service  lives  of  30,  45,  and  60  ainutes.  It  should  be  understood  that 
the  rated  lifetiae  of  a  breathing  apparatus  is  highly  dependent  on  the 
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activity  laval  of  tha  workar.  High  axartion  can  raduca  tha  uaaful  lifa  of 
an  OBA  fron  60  to  10  ninutaa.  ^a  haat  producad  by  tha  oxygan  sourca  could 
ba  vary  hazardoua  if  uaad  in  confronting  aona  flanaabla  apill  aatariala. 

Hoaa  Msk  davicaa  conaiat  of  a  larga~dianotar  hoaa  connactad  to  an 
uncontaninatad  air  aourca  and  a  facapiaca.  Poaitive  blovars  or  fans  nay  be 
uaad  to  forca  air  to  tha  facapiaca.  Thia  daaign  ia  considered  to  be  a 
negative  pressure  device.  It  is  applicable  for  use  in  areas  where  long-tine 
work  is  important  and  a  hose  or  other  connection  doesn't  present  a  problem. 

Air  purifying  devices  such  as  canisters  and  gas  masks  can  be  used  in 
instances  where  tha  air  encountered  ia  within  tha  limits  of  protection  for 
the  device  and  an  adequate  amount  of  oxygen  is  present.  These  units  are 
designed  to  protect  only  against  specific  chemicals  up  to  certain 
concentrations. 
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CASK  STUDY  SUMMABT 


Th*  following  reports  pertaining  to  hazardo\is  naterial  spills  were  reviewed 
in  order  to  obtain  technical  infomation  concerning  present  Coast  Guard  spill 
control/recovery  nethodologies: 

o  On-Scene  Coordinator  (OCS)  Report:  Major  Oil  Pollution  Incident 
Involving  the  NA  City  of  Greenville,  Nile  179.0,  Upper  Mississippi 
River,  on  April  2,  1983 

o  Sunaary  of  Incidents  For  Mewphis  Coast  Guard  Zone 

o  New  Orleans  Fire  Departnent  List  of  Spill  Incidents 

o  OSC  Report:  Major  Benzene  Spill  Frow  Tank  Barge  NMS  1460,  0.  N.  57743, 
at  Lock  and  Dan  26,  Mile  202.9,  Upper  Mississippi  River,  on  April  29, 

1982 

o  OSC  Report:  Major  Acrylonitrile  (ACM)  Cheaical  Spill,  Fros  the  Brazilian 
Tankship  Quintino,  at  Texas  City,  Texas,  on  March  26,  1984 

These  reports  represent  all  dociisentation  received  in  response  to  letters 
sent  to  Coast  Guard  Zone  Offices  in  Rovcsber  1984,  by  The  MAXIMA  Corporation. 

Coast  Guard  Reports 

The  Mjor  oil  pellotioa  incident  involving  the  M/T  City  of  Greenville 
Illustrates  many  of  the  problens  which  say  arise  during  a  hazardous  naterial 
spill  recovery  effort.  On  April  2,  1983,  the  N/V  City  of  Greenville,  with  a  tow 
of  four  crude  oil  tank  barges  carrying  65,003  barrels  of  (Montana  nix)  sour 
crude,  collided  with  the  Fopler  Street  Bridge  located  near  downtown  St.  Louis, 
Missouri.  At  least  one  of  the  barges  exploded  on  inpact  with  the  bridge  end 


burst  into  flanoi.  Tho  fir*  spread  quickly  sotting  throe  of  the  barges  a  drift 
and  on  fire.  Containing  the  fire  and  then  handling  the  spill  was,  needless  to 
say,  a  difficult,  prolonged  effort.  To  add  to  the  spill  clean-up  difficulties, 
on  April  25,  the  M/V  Louis  Frank  and  tow  of  ei^t  oil  barges  struck  the  Florence 
Highway  Bridge,  nile  56.0,  in  the  Illinois  Biwer,  and  discharged  an  additional 
60,000  gallons  of  Ho.  6  fuel  oil. 

Constantly  changing  winds  and  water  levels  resulted  in  the  necessity  to  use 
various  techniques  to  herd  the  spilled  oil.  One  skisaer  was  used,  but  proved 
ineffective  due  to  the  heavy  anount  of  debris.  Deflection  boows  coabined  with 
vacuus  trucks  were  used  to  collect  as  such  oil  as  possible.  Much  of  the  oil 
was  trapped  awmg  the  trees  and  brush,  requiring  nethods  to  free  it  froa  the 
area  before  it  could  be  recovered.  The  first  technique  atteapted  was  to  flush 
the  oil  with  the  propwash  froa  outboard  engines  on  jon  boats.  Hash  puaps  were 
then  attempted.  Both  of  these  aethods  were  effective  for  saall  areas,  but  not 
cost  effective  for  large  areas.  Airboats  were  then  brou^t  in  and  proved  to  be 
effective  at  herding  oil.  The  use  of  airboats  was  restricted  to  open  spaces 
where  there  was  no  danger  of  catching  the  prop  in  a  tree  liab.  By  using  a 
coabination  of  these  three  aethods,  it  was  possible  to  bring  the  incident  to  a 
successful  conclusion. 

By  May  9,  1983,  of  the  estiaated  260,000  gallons  of  oil  released.  41,  871 
gallons  had  been  recovered;  4,201  cubic  yards  of  oily  debris  had  been  reaoved  to 
landfills;  and  981  cubic  yards  of  oil  debris  had  been  burned  on  site. 

Other  probleas  encountered  during  this  clean-t^  effort  should  be  considered 
in  contingency  plans,  with  options  preplanned  as  to  the  course  of  action  to  take 
if  the  situation  arises. 
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A*  in  aost  aultlpl*  casualtiM,  if  a  fira  occurs  it  should  ba  handled 
first,  sines  it  usually  prassnts  tha  largest  hazard.  In  this  incident,  the 
coMMinities  surrounding  the  St.  Louis  Harbor  did  not  have  fire  contingency 
plans  designed  to  handle  this  type  of  incident.  Had  tha  questitms 
concerning  jurisdiction  been  considered  prior  to  the  incident,  it  is  highly 
probable  that  the  shoreside  fires  could  have  been  brought  under  control 
sooner. 

During  the  cleanup,  a  labor  dispute  concerning  the  use  of  personnel  and 
equipnent  by  the  three  contractors  on  payroll  occurred.  The  main  cause  of 
this  problea  was  the  lack  of  contractor  supervision  at  the  aany  clean-up 
locations.  This  denonstrates  the  need  for  proper  supervision  and  control  of 
all  clean-up  activities. 

The  sunnary  of  incidents  for  the  llsa|ih<a  Coast  Guard  Zone  involved 
discharges  of  styrene  and  vinyl  acetate.  All  of  the  responses  reported  that 
no  clear>\q>  was  feasible  due  to  river  current  and  high  flov  conditions.  In 
one  styrene  spill  incident,  a  sorbent  boon  was  placed  in  the  water  around 
the  area  of  the  leak.  The  current  carried  the  styrene  around  the  boon 
resulting  in  no  recovery  of  the  styrene. 

There  has  not  been  a  Coast  Guard  clean«9  of  floating  hazardous 
cheaicals  within  the  Captain  of  the  Port,  Hew  Orleans  Zone.  Captain  of  the 
Port  persomel  in  Hew  Orleans  have  not  nonitored  private  contractor  cleanups 
of  hazardous  cheaicals.  A  ropy  of  the  New  Orlasns  Pira  Departaaat  listing 
of  hasardaos  aatarial  incidents  for  the  tiae  period  January  1,  1982  - 
Nay  23,  1983,  was  forwarded  by  the  Captain  of  the  Port,  Hew  Orleans,  for 
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r«vi««.  Of  th«  73  incidents  reported  in  this  tine  trmm,  29  occurred  in 
waterfront  areas.  Of  these  29,  19  were  due  to  leaks  in  dnas.  More  care  in 
handling  druns  and  replacing  old  druns  would  help  niniaixe  the  possible 
discharge  of  haxardous  aaterials  into  New  Orleans  waterways. 

On  April  29,  1982,  a  bensene  ^iU  occurred  at  lock  and  Dan  26, 

202.9,  l^per  Mississippi  liwer.  In  this  case,  no  efforts  were  sade  to 
recover  any  of  the  released  benzene.  The  salvage  teen  plugged  the  holes  in 
the  barge  and  partially  refloated  it.  The  renaining  benzene  cargo  was  then 
transferred  to  another  barge. 

One  of  the  probleas  encountered  during  the  recovery  was  the  lack  of 
policy  concerning  the  authority  of  the  OSC  in  a  non-federal  cleanup  to 
ensure  the  safety  of  contractor  personnel  regarding  itens  such  as 
respiratory  and  skin  protection,  in  sose  instances,  the  industrial 
toxicologist  on  scene  and  the  OSC  recossended  resptwise  personnel  wear 
respirators,  but  the  recosnendations  were  not  heeded.  The  OSC's  authority 
or  liability  concerning  issues  such  as  these  should  be  addressed. 

The  prise  area  of  isproveser.t  sentioned  in  this  report  concerned  the 
atsospheric  sonitoring  equipment  available  to  Coast  Guard  response  forces. 

The  St.  Louis  MSO's  atsospheric  monitoring  equipment  included  colorimetric 
devices  and  combustible  gas/oxygen  meters.  These  devices  were  ineffective 
for  the  type  of  monitoring  required  for  a  benzene  spill.  The  OSC  in  the 
case  has  recommended  that  a  HMU  photoionization  organic  vapor  monitor  be 
purchased  for  each  MSO. 
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Ob  aurdi  26,  1984.  63.600  of  acryloBitrilB  (AOI)  wr*  r«l««Md 

Into  thB  BBtars  of  Tosaa  Citf.  Tons.  Du«  to  tho  volatility  and  solubility 
of  tha  apillad  product,  racovary  of  tha  ACM  was  lioitad.  Efforts  takan  to 
contain  tha  spill  vara  abandonad  dua  to  thair  inaffactivanass. 

Tha  Mjor  inforaatim  to  ba  darivad  froa  this  raport  involvas  tha  use 
of  foaa  to  reduce  vapor  concentrations.  Sasponsa  personnel  quickly  applied 
alcohol  foaa  to  tha  spill.  This  action  was  takan  to  guard  against  toxic 
levels  of  vapors  escaping  to  populated  areas,  and  to  reduce  tha  possibility 
of  igniting  tha  vapor  cloud.  Tha  alcohol  based  foaa  tended  to  absorb  the 
ACM  and  a  high  concentration  of  tha  product  was  found  in  the  foaa  wastes. 

The  foaa  was  raaovad  by  vacuua  trucks  to  conclude  clean-up  efforts. 

During  tha  cleanup,  water  saaplas  ware  taken  to  aonitor  ACN 
concentrations.  Tha  ACM  was  found  to  dissipate  quickly  froa  the  spill 
location  and  to  settle  toward  the  bottoa. 

Phone  conversations  were  conducted  during  the  week  of  March  25,  1985, 
with  Coast  Guard  Marina  Safety  Offices  and  Strike  Teaas  as  a  follow-up  to 
letters  aailad  Moveabar  16,  1984,  requesting  infcraation  regarding  Coast 
Guard  hazardous  floating  chaaical  spill  responses.  Tha  following 
infomation  is  a  suaaary  of  tha  responses  to  the  telephone  inquiries. 

Generally,  tha  Coast  Guard  has  not  responded  to  aany  floating  hazardous 
chaaical  spills.  Several  factors  contribute  to  the  aaount  of  action,  if 
any,  taken  by  the  Coast  Guard: 

o  The  ability  to  respond  to  a  floating  hazardous  aaterial  spill  is  hindered 
or  enhanced  aainly  by  environaental  factors,  not  the  aaterial  released 
into  the  waterway.  In  low  current  areas,  the  Coast  Guard  has 
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succaasfully  contained  and  racovarad  floating  apills  by  usa  of  boons  and 
vacuun  tzwks.  In  currants  greater  than  1.5  knots,  the  Coast  Guard  has  had 
little  success  in  recovering  floating  naterials.  Even  through  the  use  of 
deflection  boons,  the  naterial  has  not  been  recovered  effectively  in  high 
ciurrent  areas. 


o  Federal  regulations  require  that  the  Coast  Guard  be  notified  only  of 
reportable  quantity  spills  of  regulated  naterials.  Is  long  as  the 
■sterial  released  into  a  vaterway  is  below  the  reportable  quantity,  it 
need  not  be  reported  regardless  of  its  toxicity  or  chenical 
characteristics . 


o  The  Coast  Guard  is  restricted  in  its  use  of  neutralizing  agents  for 
conbating  floating  hazardous  spills  in  fresh  waters.  Acid  spills  are 
usually  allowed  to  disperse  to  reduce  the  acid  strength.  In  sone 
instances,  line  is  applied. 


o  The  Coast  Guard  role  at  a  spill  is  to  serve  as  the  On-Scene  Coordinator 
(OSC).  The  spill  itself  is  cleaned  up  by  the  conpany  responsible  for  the 
spill,  or  by  a  private  contractor.  Coast  Guard  training  enphasizes  the 
nechanics  required  for  containing  and  recovering  the  &pill  and  does  not 
concentrate  on  the  chenistry  and  toxicity  of  chenicals.  The  Coast  Guard 
personnel  rely  largely  on  the  ciqperience  of  the  contractors  or 
infomation  concerning  the  chenicals  available  fron  the  literature  or 
conputerized  data  bases.  Many  of  the  descriptions  of  the  CRBIS  chenicals 
contain  little  or  no  infomation  concerning  their  true  toxicity  or 
flannability. 
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Am  following  sunariws  illustratw  *om  of  tho  basic  actions  nacassary 
to  contain  and  racovar  hazardous  chanical  spills.  Although  the  aajority  of 
these  exa^>les  deal  with  petrochanicals,  the  nethods  utilized  in  the  cleanup 
are  applicable  to  other  floating  hazardous  chenicals. 

Jet  Fuel  Leak  Froa  Wavy  Teminal 

A  jet  fuel  leak  was  detected  five  ailes  downstreaa  of  the  Point  Ozol 
Navy  Teminal.  Approxinately  200  gallons  of  fuel  had  leaked  into  the 
Carquinez  Straits  approxinately  three  niles  fron  the  Martinez,  California 
narina.  Due  to  the  relatively  snail  quantity  of  fuel  that  had  dispersed 
over  a  large  area,  considerable  dilution  had  taken  place.  Clean-up 
personnel  used  an  explosineter  to  constantly  nonitor  the  vapor  pressure  of 
the  fuel  throughout  the  cleanup.  In  addition,  clean-up  operators  were 
extrenely  careful  to  elininate  possible  ignition  sources.  As  nuch  of  the 
work  as  possible  was  acconplished  upwind  of  the  spill. 

Both  pemanent  and  absorbent  boons  were  used  to  surround  and  contain 
the  spill.  By  the  tine  the  spill  was  controlled,  the  low  nolecular  weight 
fractions  had  evaporated.  The  renaining  fuel  was  absorbed  by  the  boons 
which  were  renoved  fron  the  water  for  disposal.  The  leak  was  found  to 
originate  fron  an  onshore  pipeline  located  150  feet  fron  the  shoreline. 
Clean-up  personnel  uncovered  the  pipeline  with  a  backhoe,  evacuated  the 
pipeline,  and  used  a  vacuun  truck  to  renove  the  renaining  product. 


Paint  Spill  Into  Creek 


One  hundred  gallons  of  an  oil-base  paint  residue  was  discharged  froa 
the  stomdrain  of  a  paint  aanufacturar  into  a  local  creek  located  300  yards 


behind  their  warehouse.  The  creek  eventually  eaptied  into  the  San  Francisco 
Bay.  Since  paint  floated  on  the  surface  of  the  creek,  standard  oil -spill 
control  and  clean-up  procedures  were  applied.  Ibsorbent  boons  were  placed 
both  t^>strean  and  downstrean  of  the  spill.  The  storadrain  was  flushed,  and 
a  vacuum  truck  was  used  to  recover  the  residual  paint  that  was  washed  out  of 
the  line.  All  of  the  paint  was  effectively  absorbed  by  the  boons,  which 
were  then  removed  fron  the  creek. 

Diesel  Fuel  Leak  Into  River 

A  train  derailnent  resulted  in  a  spill  of  approxinately  3,400  gallons 
of  diesel  fuel  into  the  Napa  Biver  in  California.  Initially,  abosorbent 
boons  were  placed  around  the  spill  using  punt  boats  to  contain  the  fuel,  and 
absorbent  pads  were  worked  within  the  boon  area  as  a  clean-up  neasure. 
Approxinately  700  feet  of  permanent  boon  was  then  used  to  catch  and  divert 
to  the  shore  the  fuel  that  had  escaped  before  containnent  efforts  began.  A 
vacuum  truck  then  collected  the  spilled  naterial.  The  boon  was  shifted  to 
allow  for  tide  changes  and  current.  Final  cleanup  was  acco^>lished  with 
absorbent  pads. 

Jet  Fuel  Leak 

A  tank  truck  accident  in  the  Knoxville,  Tennessee  area  resulted  in  the 
release  of  approxinately  2,600  gallons  of  jet  fuel  into  a  ditch  that  feeds 
Third  Creek,  which  eventually  discharges  into  Fort  Loudon  Lake.  Initial 
responses  involved  the  building  of  a  dirt  dike  that  included  the  placencnt 
of  PVC  pipe  at  the  bottom  of  the  dike  to  permit  water  passage.  The  local 
fire  (tepartnent  applied  AFFF  low  expansion  foan  to  the  floating  fuel  to 
minimise  the  potential  for  a  fire.  A  skinner  pu^  was  used  to  remove  the 
fuel  layer  fron  the  creek.  Final  cleanup  included  the  use  of  absorbent 
pads.  Light  suits  made  of  FVC,  nitrile  gloves,  and  PVC  boots  were  worn  by 
clean-up  personnel. 
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Dnnis  leaking  Into  River 

An  OTcrturned  tractor-trailnr  track  rasultad  in  approxinately  80  druas 
of  a  styrana-rasin  nixtura  baing  scattarad  on  a  rivar  anbanknant. 
Approxiaataly  15-20  drana  wara  found  to  ba  laaking  thair  contanta  onto  the 
ground  and  into  tha  San  Joaquin  Sivar  in  northarn  California.  Containnent 
afforta  includad  tha  placanant  of  a  boon  at  tha  outlat  of  tha  cova  where  the 
apill  occurred  to  prevent  further  contanination  of  the  nain  river  channel, 
and  placanant  of  another  boon  downatreaa  to  intercept  tha  naterial  that  had 
already  aacapad.  Cleanup  of  the  contained  nateriala  waa  acconpliahed  with  a 
vacuum  track  and  vacuun  hoae  which  waa  poaitioned  with  a  punt  boat.  Due  to 
the  flaanable  nature  of  tha  spilled  chanicals,  only  spark  resistant  tools 
were  used  during  tha  claan-up  activities.  An  on-sita  occupational  safety 
and  health  representative  identified  full-face  air  purifying  cartridge 
respirators  and  PVC  gloves  and  boots  as  protective  gear. 

Cleanup  of  PCB  Contaninatad  Oil 

An  astiaatad  2,000  gallons  of  a  black  oil  substance,  suspected  to 
contain  PCBs,  (as  a  result  of  field  tests  conducted  by  tha  U.S.  Coast 
Guard),  waa  discovered  floating  down  a  flood  control  channel  which  feeds  the 
San  Gabriel  Rivar  in  California.  Eaargancy  response  aaasuras  to  contain  the 
naterial  involved  tha  placanant  of  a  primary  permanent  boon,  and  a  secondary 
boon  to  collect  naterial  that  aacapad  tha  primary  boon.  A  boon  was  also 
positioned  to  protect  tha  cooling  water  intake  of  a  power  generation  station 
which  was  located  near  tha  ralaaaad  naterial.  Boons  wara  placed  with  punt 
boats  squired  with  outboard  actors.  Absorbent  pillows  wara  worked  in  the 
containaant  area  to  clean  up  tha  oil  naterial. 
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Gasoline  Leak  Into  Creak 


In  accident  involving  a  gasoline  tank  truck  resulted  in  the  release  of 
approxinately  2,400  gallons  of  conercial  grade  gasoline  into  a  creek  that 
flows  into  the  Little  Tennessee  Kiver.  k  boos  was  placed  across  the  creek 
downstreaa  of  the  spill  to  contain  the  gasoline.  Absorbent  pads  were  used 
in  the  contained  area  to  pick  up  the  gasoline.  The  gasoline  was  squeezed 
froB  the  pads  and  collected  in  druas.  An  on-site  occupational  safety  and 
health  representative  identified  PVC  and  nitrile  gloves  and  PVC  boots  as  the 
required  protective  equipaent. 

Feather  River  Oil/PCB  Spill 

In  northern  California,  a  rock  slide  at  a  hydroelectric  plant  resulted 
in  thousands  of  gallons  of  PCB-containing  oil  escaping  froa  daaaged 
capacitors  and  transforaers  into  the  Feather  River  Canyon  and  the  River 
itself.  Three  types  of  boons  were  used  to  control  the  extent  of  the  spill: 
log,  peraanent  plastic,  and  absorbent  boons.  They  were  placed  using  boats 
and  punts.  Boons  were  first  placed  in  positions  that  would  take  advantage 
of  both  the  direction  of  water  and  wind  flow  to  effectively  aove  the  oil 
into  the  booaed  area.  As  oil  was  recovered,  the  boons  were  gradually  pulled 
in  to  decrease  the  surface  area  of  the  river  covered  by  oil. 

Once  the  spill  was  contained,  two  approaches  were  used  to  recover  the 
floating  oil.  Vacuua  trucks  located  at  the  shoreline  skiaaed  the  oil/water 
aixture  on  the  river's  surface.  The  aixture  in  the  trucks  was  then 
decanted,  after  adequate  settling,  by  draining  the  waste  in  the  truck  with 
an  underdrain  valve.  In  addition,  oil  nop  units  were  used  within  the 
oil-containing  area.  These  absorbent  poapoas  continuously  recirculated  on  a 
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rope  through  the  oil.  They  selectively  absorbed  the  oil  and  then  passed 
through  a  wringer  systen  located  on-shore.  The  wringer  systea  reaoved  the 
majority  of  the  oil  prior  to  the  poapoas  passing  through  the  oil  again. 

Some  of  the  oil  remained  with  sediments  on  the  bottom  of  the  reservoir. 
A  dredging  operation  was  undertaken  to  remove  the  oil-contaminated  sediments 
from  the  reservoir .  The  dredged  material  was  treated  with  potable  water 
treatment  polymers,  settled,  and  the  solids  were  passed  through  a  mobile 
centrifuge  to  separate  the  sediments  from  the  water.  The  concentrate, 
containing  most  of  the  oil,  was  then  passed  through  a  sand  filter  and  MACS 
(Mobile  Activated  Carbon  System)  to  remove  suspended  sediments  and  absorb 
tha  PCBs.  The  treated  concentrate  was  returned  to  the  river  following 
confirmation  analysis. 
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IT.  TEST  PBDOUUIS  DISCOSSIOH 


The  review  of  state-of-the-art  spill  containaent  and  recovery  techniques, 
which  have  to  date  been  directed  primarily  at  crude  oil  spills,  identified 
several  deficiencies  in  response  to  spills  of  floatable  cheaicals.  The  315 
floatable  cheaicals  identified  in  Section  II  and  Appendix  A  collectively  pre¬ 
sent  potential  problems  in  chemical  compatibility  with  containaent  and  recovery 
equipment,  and  in  creating  a  toxic  or  otherwise  hazardous  atmosphere  near  a 
spill.  Data  exist  on  the  corpatibility  of  chemicals  and  procedures  for 
controlling  vaporization  of  certain  spilled  chemicals,  but  a  comprehensive 
application  of  these  data  to  floatable  chemicals  spill  control  procedures  and 
equipment  has  not  been  done. 

To  arrive  at  a  broad  understanding  of  the  appropriate  response  to  spills 
of  floating  chemicals,  a  number  of  programs  ranging  from  literature  reviews  to 
laboratory,  pilot,  and  field  testing  will  he  required.  Considering  the  large 
number  of  floatable  cheaicals  of  concern  and  the  variety  of  environmental  fac¬ 
tors  such  as  wind  velocity,  wave  motion,  temperature,  etc.,  that  can  affect  a 
spill  containaent  and  clean-up,  categorization  of  chemicals  and  prioritization 
of  factors  affecting  spill  response  should  be  the  first  task  in  future  investi¬ 
gations. 

The  following  is  a  list  of  tasks  which  would  be  appropriate  to  investigate 
and  clarify  the  applicability  of  existing  equipment  and  technology  for  use  in 
the  containaanl  «ad  recovery  of  floating  CHRIS  cheaicals. 

o  Investigation  of  the  Co^atibility  of  Roams  with  Floating  Hazardous 
Chemicals 
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o  Investigation  of  the  Compatibility  of  Containment  and  Recovery  Device 
Materials  with  Floating  Hazardous  Chemicals 

o  Investigation  of  the  Effect  of  Equipment  Operation  on  the  Effectiveness 
of  Foam  in  Reducing  Hazards  Associated  with  Floating  Hazardous  Chemicals 

INVESTIGATION  OF  THE  COMPATIBILITY  OF  FOAMS  WITH  FLOATIHG  HAZARDOUS  CHEMICALS 
The  hazard  presented  by  the  vaporization  of  the  floatable  chemicals  is 
the  major  concern  for  response  to  spills  of  these  materials.  Although  this 
investigation  generally  identified  foams  as  a  viable  means  of  reducing  fire  and 
toxic  hazards,  specific  studies  nay  be  required  to  establish  compatibility  and 
efficiency. 

Foams  have  been  effective  in  controlling  the  vapor  release  from  some  vola¬ 
tile  chemicals.  Foams  also  tend  to  isolate  spills  from  ignition  sources  and 
radiant  energy.  Due  to  this  ability,  foams  are  a  prime  candidate  for  reducing 
the  flammability  risk  which  may  be  presented  to  personnel  combating  a  floating 
hazardous  chemical  spill. 

Gross  (1982)  has  conducted  extensive  investigative  studies  with  foams  over 
hazardous  materials  (see  Tables  1-3).  This  testing  and  information  can  serve  as 
a  guideline  for  further  research.  Areas  which  were  not  intensively  covered  in 
Gross'  work  include: 

o  The  studies  did  not  involve  hazardous  chemicals  floating  on  water,  and 

o  Environmental  effects  such  as  wave  conditions,  currents,  temperature 
extremes,  winds,  rain,  etc.,  and  their  relation  to  foam  effectiveness 
were  not  investigated. 

Gross  developed  a  matrix  which  could  serve  as  a  guideline  for  spill  clean¬ 
up  personnel  to  use  in  choosing  foams  for  application.  High  quality  alcohol 
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TABU  lV-1.  raCLINlNMty  NAmiX  or  RMN  0»ABILITIES  OH  INC  STIUEO 
NAZABBOBS  CMBIICALS  LISTED 


$■ 

COXMI 

1 

2 

3 

q 

5 

A 

Organica-Al iphatic 

-  Acetic  Acid 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Acids 

-  Caproic  Acid 

ND 

U 

ND 

ND 

ND 

ND 

ND 

Alcohols 

-  Aayl  Alcohol 

ND 

U 

U 

ND 

ND 

ND 

ND 

-  Butanol 

R 

E- 

E- 

E- 

E- 

A» 

E- 

-  Butyl  Cellasolve 

ND 

ND 

ND 

U 

ND 

ND 

NO 

-  Methanol 

R 

E- 

E- 

E- 

E- 

A* 

E- 

-  Octanol 

R 

U 

U 

U 

U 

U 

ND 

-  Propanol 

R 

E- 

E- 

E- 

E- 

A* 

E- 

Aidahydes  A  Ketonos 

-  Acetone 

R 

E- 

E- 

E- 

E- 

A^ 

E- 

-  Methyl  Butyl  Ketone 

R 

E- 

E- 

U 

ND 

A* 

ND 

-  Methyl  Ethyl  Ketone 

R 

U 

U 

U 

ND 

A* 

ND 

Esters 

-  Butyl  Acetate 

ND 

U 

U 

NO 

ND 

ND 

ND 

-  Ethyl  Acetate 

ND 

U 

u 

U 

U 

ND 

ND 

-  Methyl  Acrylate 

ND 

U 

u 

ND 

U 

ND 

ND 

-  Methyl  Methacrylate 

ND 

U 

u 

ND 

U 

ND 

NO 

-  Propyl  Acetate 

ND 

U 

u 

U 

U 

ND 

NO 

Halogenated 

-  Butyl  Broalde 

ND 

U 

u 

ND 

ND 

ND 

ND 

-  Methyl  Broaide 

ND 

U 

u 

ND 

ND 

ND 

ND 

-  Tetrach lore thane 

ND 

U 

u 

ND 

ND 

ND 

ND 

Hydrocarbons 

-  Heptane 

R 

C* 

B* 

B* 

B* 

A* 

C* 

-  Hexane 

R 

C* 

B* 

B* 

B* 

A* 

C* 

-  Octane 

R 

c* 

B* 

B* 

B^ 

A* 

C* 

Nitrogen  Bearing 

-  Oiaathyl  Foraaaide 

ND 

u 

E- 

ND 

ND 

ND 

ND 

Organ i cs'Aroaat i c 

-  Ben2ene 

R 

c* 

B* 

B* 

B* 

A* 

C* 

Hydrocarbon 

-  Tetrahydronaphthalene 

R 

u 

U 

U 

ND 

ND 

u 

-  Toluene 

R 

c* 

B* 

B» 

B* 

A* 

C* 

Organ i CS' A 1 i eye 1 i es 

-  Cyclohexane 

R 

B* 

A* 

B« 

B* 

C* 

C* 

Organ i cs- 1 ndustr i al 

-  Gasoline 

R 

C* 

B* 

B« 

B* 

A* 

c* 

-  Kerosene 

R 

C* 

B* 

B* 

B* 

A* 

c* 

-  Naptha 

R 

C* 

B* 

B* 

B* 

A* 

c* 

-  Paint  Thinner 

R 

C* 

B* 

B* 

B* 

A* 

c* 

Organ i cs-Cryogens 

-  Liquefied  Natural  Gas 

R 

c* 

A* 

E- 

E- 

E- 

E- 

Inorganics 

-  Silicon  Tetrachloride 

R 

E- 

A* 

E- 

E- 

E- 

E- 

-  Sulfur  Trioxide 

E- 

A* 

E- 

£- 

E- 

E- 

1 norgan 1 cs-Cryogens 

-  Aaaonia 

R 

c* 

A* 

C* 

C* 

E- 

c* 

-  Chlorine 

R 

c* 

C* 

C* 

C* 

E- 

E- 

lOEMTIFiCATlQM  OF 

TWBLS 

Twa  af 

Faaa:  1 

2 

3 

q 

A 

tlirfActit  Lot  Ex  Ixrfxrfit  Ni|D  Ex  rrvtxix  rixTxprxtxtx  AIoaIm)  AFFF 

u  LtxitxO  Oatx  avsitafeU  -  caoaOilltlaa  uncartain 
NO  No  4ata 

A  Foaa  uaa  racBBoawiIa*  o«ar  apt  1 1 
A«  Boat  foaa  foraulatian 
B«  Maxt  Boat  foaa  forautation 
C*  Accaptabla  in  aaaa  altuatlona 
E-  unaultabla  foaa  faraalatlon 


Sourca:  S.  S.  Grata  at  a1.  (HAS) 
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TABLE  IV-2.  MATRIX  FOR  POLAR  AMD  MOWOLAR  LIIRIIO  NVBRKARBOMS 


Protein 

Fluoroprotoin 

Alcohol 

Surfactant 

AFFF 

Surfactant 
High  Exp. 

Esters 

E 

E 

A 

E 

E 

E 

Alcohols 

E 

E 

A 

E 

E 

E 

Ethers 

E 

E 

A 

E 

E 

E 

Aldehydes 

E 

E 

A 

E 

E 

E 

Ketones 

E 

E 

A 

E 

E 

E 

Phenols 

E 

E 

A 

E 

E 

E 

Halogenated 

Coapounds 

A 

A 

c(b) 

C(c) 

C{c) 

A«a) 

Alkanes 

A 

A 

C(b) 

C 

C 

A(a) 

Alkenes 

A 

A 

c 

C 

C 

A(a) 

Alkynes 

A 

A 

c 

C 

c 

A(a) 

Dienes 

A 

A 

c 

C 

c 

a(*) 

Cycloaliphatic  A 

A 

c 

C 

c 

A(a) 

Aroaatic 

A 

A 

c 

C 

c 

A(a) 

(a) 

If  eind  speed 

is  less  than  IS  aph;  also  ainiatzes  aaount  of  eater. 

(b) 

Only  satisfactory  because  does  not  floe 
types  of  foaa. 

over  spill  as 

eell  as 

other 

Ic) 

Foas  drainage  and  aitigation  tfaes  are  not  as  good  as 

foaas. 

protein 

bated 

A  -  R*coM«nd«d 
B  *  Satisfactory 
C  •  Not  RacoMondad 


Sowrco:  S.  S.  Cross  at  al.  (19B2). 
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TABLE  lV-3.  FOAM  MITIGATION  TIMES  -  TINE  FOR  SICHIFICAHT  VIMR  MEAKTMRDUGN 


Foaa  Agant  Cyclatwxano 

Benzene 

Toluene 

Ethyl 

Ether 

Acetone 

n-Botyl 

Acetate 

n-Octane 

Triethylaaine 

National  6X 

Ragular  Protein 

60 

60 

60* 

Collapsed 

Collapsed 

Collapsed 

60 

Larcon  6X 

Regular  Pro' jin 

— 

30l 

n 

•• 

Larcon  3X 
Fluoroprotein 

.. 

30’ 

60 

H 

IP 

National  XL-3 
Fluoroprotein 

60 

30’ 

ta 

H 

60 

Rockatood  Alcohol 

60 

60 

60 

20 

60 

60 

60 

•  • 

National  Aer-O-Foaa 
99-6X 

— 

5 

— 

Collapsed 

Collapsed 

„ 

MSA  Ultrafoaa 

Loa  Expansion 

60 

15’ 

55 

m 

25 

Rockoood  Jet-x 

Loa  Expansion 

•• 

15 

•t 

.. 

Larcon  Full -Ex 

Loa  Expansion 

— 

35 

io’ 

•« 

Collapsed 

National  3X  AFFt 

60 

13 

60 

152 

W 

60 

60 

3M  Light  Water 

6X  AFFF 

— 

6 

.. 

162 

m 

„ 

Rockaood  Jet-X 

High  Expansion 

— 

12 

— 

Collapsed 

Col  lapsed 

„ 

Larcon  Full -Ex 

High  Expansion 

30 

25 

15’ 

•v 

•« 

.. 

MSA  Ultrafoaa 

High  Expansion 

60 

16 

23’ 

(a 

IP 

Collapsed 

15’ 

3M  Light  Water 

6X  AFFF 

High  Expansion 

11 

National  3X  AFFF 

High  Expansion 

10 

„ 

*  TtM  g(v«n  in  airMitM 

1  Significant  ainO  daaagi 

2  Cap  foraad  batwaan  tita  foaa  and  aalvant 


Saurca:  S.  S.  Craaa  at  al.  (1M2). 
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foaas  art  raconcndad  for  application  to  polar  naterials;  iriiila  for  nonpolar  con- 
pounds  a  high  quality  low  or  hi^i  axpansion  foan  is  reconaandad. 

Liquafiad  gasas  wara  dalatad  fron  tha  natrix  dua  to  tha  highly  spacific 
intaraction  of  foams  with  liquafiad  gasas.  Counts^ productiva  rasults  nay  occur 
if  foan  is  incorractly  appliad  to  liquafiad  gas  spills. 

If  a  compound  has  savaral  functional  groups,  problans  nay  arisa  whan  using 
this  tabla.  for  axanpla,  an  aromatic  nay  contain  a  polar  group.  Polar  groups 
ara  spacifiad  to  raquira  alcohol  foans,  whila  tha  aronatic  ring  is  best 
approachad  with  a  protain  or  fluoroprotain  foan.  Applying  an  alcohol  foan  to 
this  compound  would  satisfactorily  raduca  tha  vapor  prassura  ovar  tha  spill, 
whila  application  of  a  protain  foan  could,  in  sona  instancas,  provida  unsatis¬ 
factory  rasults. 

Tha  natrix  nathod  also  assunas  that  tha  parsonnal  applying  it  hava  a  basic 
knowladga  of  organic  chanistry.  This  nay  or  nay  not  ba  trua  for  O.S.C.  and 
othar  parsonnal  at  tha  spill  sight. 

Basad  upon  tha  raconnandations  givan  in  tha  Gross  matrix  and  availabla 
quantitativa  data  ragarding  polarity,  i.a.,  dialactric  constants,  Tablas  B-1 
through  B-13  hava  baan  davalopad.  Thasa  thirtaan  tablas  classify  tha  floating 
hazardous  CHBIS  chanicals  by  toxicity  and  flannability.  By  applying  tha  Cross 
natrix  and  polarity  data,  tha  chanicals  hava  baan  natchad  with  whit  is,  tan- 
tativaly,  tha  bast  typa  of  foan  to  ba  usad  in  raducing  tha  hazards  inharant  to 
tha  chanical  in  quastion.  To  accurataly  assass  tiM  validity  of  thasa  tablas, 
fiald  tasts  would  ba  raquirad. 
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Th«  recoucnded  foaas  for  application  ara  designatad  as  follows; 

5:  High  expansion  surfactant  (if  wind  speed  less  than  15  nph) 

A:  Alcohol  type  foaa 
P:  Protein  type  foan 
F:  Fluoroprotein  type  foan 

A  conbination  of  tables  of  flanaability  and  toxicity  ratings  as  defined  by  the 
criteria  in  Section  II  (pages  II-2  and  II-3)  has  been  tabulated  for  292  float¬ 
ing  chemicals.  The  reconnended  foaas  based  on  the  findings  of  Gross,  et  al. 
(1982)  have  also  been  incorporated  into  these  tables.  The  resulting  tables  are 
identified  below  and  listed  in  Appendix  B  in  Tables  B-1  through  B-13. 


Table 

Chenical  Classification 

Hazardous 

B-1 

Montoxic,  nonconbustible 

17 

B-2 

Nontoxic .  highly  flaaaable 

1 

B-3 

Slightly  toxic,  noncoabustible 

36 

8-4 

Slightly  toxic,  conbustible 

33 

B-5 

Slightly  toxic,  flaaaable 

53 

B-6 

Slightly  toxic,  highly  flaaaable 

17 

B-7 

Moderately  toxic,  nonconbustible 

18 

B-8 

Moderately  toxic,  combustible 

44 

B-9 

Moderately  toxic,  flaaaable 

34 

B-10 

Moderately  toxic,  highly  flaaaable 

10 

B-11 

Highly  toxic,  conbustible 

15 

B-12 

Highly  toxic,  flaaaable 

11 

B-13 

Highly  toxic,  highly  flaaaable 

3 

Total 

292 

Nunber  of  Floating 


Although  the  sequence  of  these  coabinations  should  indicate  a  grouping  of 
"Highly  toxic,  noncondms tibia,"  however,  toxicity  and  flanaability  data  did  not 
produce  any  floating  cheaicals  in  this  category. 
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By  considering  the  categories  for  which  foan  usage  would  be  nost  benefi¬ 
cial,  i.e.,  those  categories  including  flanaable  and  hi^ly  flanaable  chenicals, 
the  nunber  of  chenicals  requiring  investigation  can  be  reduced  to  153.  By 
reducing  the  investigation  to  this  nunber  of  chenicals,  one  can  effectively 
reduce  the  anount  of  testing  by  one-half.  (Incidentally,  this  breakdown  will 
include  81  chenicals  which  are  either  noderately  or  highly  toxic.) 

To  further  reduce  the  nunber  of  chenicals  to  be  tested  with  foans  to  a 
reasonable  nunber,  several  nethods  could  be  applied: 


o  A  review  of  the  Coast  Guard  PIES  List  could  be  conducted  to  detemine 
which  chenicals  are  those  with  the  highest  incidence  of  spillage.  (See 
Table  18) 


o  Records  of  chenical  transfers  could  be  reviewed  to  help  detemine  which 
chenicals  are  transported  nost  often  or  in  bulk  on  national  navigable 
waters. 


0  Applicable  records  which  nay  be  of  aid  in  this  detemination  include  the 
following  statistical  reports: 


-  Inland  Waterborne  Conaerce  Statistics  Annual  conpiled  by  the  U.S. 
Arny  Corps  of  Engineers  (listed  in  the  1982  Statistical  Reference 
Index);  end 


-  Waterborne  Connerce  of  the  U.S.  1981  (listed  in  the  1983  Anerican 
Statistics  Index) 


o  Representative  chenicals  (based  on  functional  groupings)  could  be 
chosen  for  investigation. 


This  reduction/elinination  procedure  could  possibly  reduce  the  nunber  of 
chenicals  to  be  tested  with  foans  to  a  nanageable  nunber  of  12-20. 
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TULl  IV-4.  UZUDOOS  FLOmiG  CHBfZClLS  mH  A  HIGH  IHCIDBHCB 

OF  SFlLLia 


Cheaical 

Gallons 

Spilled-i- 

Category 

Tested* 

idiponitrile 

71,737 

Highly  toxic,  coabustible 

Aniline 

1,010 

Highly  toxic,  coabustible 

N-Aayl  Alcohol 

134 

Slightly  toxic,  flaaaable 

X 

Benzene 

66,237 

Highly  toxic,  flaaaable 

X 

N-Butyl  Acetate 

3.050 

Moderately  toxic,  flaaaable 

X 

N-Butyl  Acrylate 

2,806 

Moderately  toxic,  coabustible 

Butyl  Ether 

100 

Moderately  toxic,  flaaaable 

Cresols 

665 

Highly  toxic,  coabustible 

Cyclohexane 

214,073 

Slightly  toxic,  flaaaable 

X 

Ethyl  Acetate 

71 

Slightly  toxic ,  flaaaable 

X 

Ethyl  Acrylate 

830 

Moderately  toxic,  flaaaable 

Isoprene 

200 

Moderately  toxic,  highly  flaaaable 

Methyl  Acrylate 

1 

Slightly  toxic,  flaaaable 

X 

Methyl  Isobutyl  Ketone 

143 

Moderately  toxic,  flaaaable 

Methyl  Methacrylate 

4,150 

Slightly  toxic,  flaaaable 

X 

Styrene 

196,808 

Moderately  toxic,  flaaaable 

Toluene 

187,747 

Moderately  toxic,  flaaaable 

X 

Turpentine 

25,605 

Slightly  toxic,  flaaaable 

Vinyl  Acetate 

22,804 

Moderately  toxic,  flaaaable 

Xylene 

537,107 

Slightly  toxic,  flaaaable 

Ethyl  Benzene 

229 

Moderately  toxic,  flaaaable 

Maleic  Anhydride 

9,700 

Highly  toxic,  noncoabustible 

Napthenic  Acid 

2,132 

Moderately  toxic,  coabustible 

•*'InforBation  froa  Pollution  Inforaation  Rasponsa  Systaa  (PIRS)  List  printed 
March  4.  19S5. 

*Grosa  at  al.  (1982). 
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Vith  the  nuab«r  of  choaicali  roduced  by  the  above  aethode,  the  reaaining 
cheaicals  can  be  categorized  further  by  a  cheaical  classification  technique;  and 
a  select  nuaber  of  floaters  can  be  chosen  for  laboratory  bench  scale  testing. 

The  testing  will  involve  the  application  of  up  to  three  different  types  of 
foaas  selected  to  have  variable  coapatibility  with  polar  and  nonpolar  organics. 

A  layer  of  foaa  will  be  applied  to  containers  with  a  layer  of  the  selected 
cheaicals  floating  on  water.  Observation  of  stability  of  the  foaa  blanket  and 
aeasureaent  of  the  collapse  rate  serve  as  indicators  of  coapatibility  of 
cheaicals  and  foaas. 

Further  bench  scale  testing  of  foaas  that  are  found  to  be  coapatible  will 
include  blanketing  sa^>les  of  selected  cheaicals  that  are  suspended  on  water  and 
aonitoring  the  vapor  space  above  the  foaa  with  an  explosiaeter  to  deteraine  if 
this  space  is  flaaaable.  Other  variables  such  as  foaa  depth,  surface  turbulence 
(wind  and  waves),  and  teaperature  will  be  considered  in  developing  the  bench 
scale  test  prograa. 

Additional  testing  of  foaas  under  siaulated  field  conditions  should  also  be 
done  on  a  pilot  scale.  Test  conditions  should  be  selected  based  on  spill  sce¬ 
narios.  The  aost  likely  locations  are  harbors  and  rivers.  Harbors  should  be 
tested  because  that  is  where  aost  of  the  aaterials  handling  and  transfer  takes 
place.  Bivers  are  likely  subjects  for  investigation  because  of  barge  shipaents 
and  the  location  of  other  transportation  nodes  (e.g.,  truck,  rail)  near  rivers. 
Of  najor  interest  is  the  stability  of  foaa  blankets  under  rough  water  or  flowing 
water  conditions  and  the  ability  of  the  foaas  to  naintain  suppression  of  vapor 
release.  Flaaaability  of  the  vapor  apace  above  the  foaa  should  be  aonitored 
throughout  the  testing. 


IWVBSTIGATIOW  OF  THK  COMPATIBILITY  OP  COHTtlHMlirr  MID  RECOVERY  DEVICE  MATERIALS 
WITH  FLOATING  HAZAADOOS  CHEMICALS 

For  favorable  judgaaant  to  ba  placed  on  the  feasibility  of  applying  a  spill 
aaelioration  device  and  its  associated  auxiliary  equipaent,  several  factors  nust 
be  carefully  studied.  These  factors  aay  include  soae  or  all  of  the  following: 

(1)  the  device  or  system  aust  show  some  degree  of  efficiency  and  effectiveness; 

(2)  the  device  or  systea  aust  preferab'.y  provide  a  rapid  recovery  rate  of  the 
spill  aatekial;  (3)  the  device  or  systea  aust  possess  mobility  to  allow  rapid 
deployment;  and  (4)  the  fabrication  materials  of  the  device  or  systea  should 
be  compatible  with  the  spilled  chemical.  The  following  discussion  will  be 
limited  to  describing  various  construction  materials  which  have  been  used  with 
devices  that  have  been  in  contact  with  hazardous  chemicals. 

Many  materials  have  been  used  in  the  construction  of  spill  containment 
devices.  The  following  information  has  been  extracted  from  J.  S.  Robinson's 
(1979)  description  of  off-the>shelf  containment  devices.  (See  Table  19) 
(Chemicals  tested  were  pentadecanol,  ethyl  ether,  kerosene,  n>aayl  alcohol, 
naptha:  solvent,  ethyl  acetate,  hexane,  and  n-butyraldehyde . ) 
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TABU  IT-S.  SPIU  COfTAinaaT  DBVICB  COaSTSlICTKM  MATBSIALS 


Material 


Cheaical  Coapatibility 


Vulcanized  laaineted  neoprene-  Resistance  to  solvency  was  good  for  all 
nylon-neoprene  sandwich  representative  hazardous  floating  liquids. 


Chenigua  rubber-reinforced  Resistance  to  solvency  was  good  for  all 

nylon  fabric  representative  hazardous  floating  liquids 

except  for: 


Ethyl  acetate  -  which  caused  a  weight  loss 
of  15%,  discolored  the  solvent,  showed 
curling,  swelling,  and  softening. 


Ethyl  ether-solvent  -  discolored  and 
fabric  was  stiff  when  dry. 


Butyraldehyde  -  solvent  discoloration, 
aarked  curling,  swelling,  stiffening. 

Naptha-solvent  -  discoloration,  fabric 
stiffened.  When  dry,  hexane  and  kerosene- 
ainor  effect. 


Polyurethane  fabric 

Solvent  resistant  rubber- 
iapregnated  nylon  fabric 

Two-ply  nylon  fabric 

Neoprene 

Paracril-ozo  coated  fabric 

Terylene  fabric  iapregnated 
with  chloroprene  rubber 

AluainuB-aagnesiua  alloy 


Highly  resistant  to  solvent  action  of  all 
hazardous  floating  liquids. 

Feasibility  of  containaent  high  for  represen¬ 
tative  floating  cheaicals. 

No  deterioration  in  solvent  stability  tests. 

Suitable  for  all  representative  hazardous 
floating  cheaicals. 

Solvent  resistance  good  in  all  floating 
hazardous  liquids. 

Expected  to  be  highly  solvent  resistant. 


Expected  to  be  highly  solvent  resistant. 
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Flexibl*  synthetic  asabrans  liners  have  been  applied  for  containing 
industrial  vastas.  These  liners  have  deaonstrated  an  ability  to  contain  a 
variety  of  fluids  with  ainiaal  losses  froa  peraeation  and  seepage,  high 
resistance  to  deterioration  by  cheaical  and  bacterial  aechanisas,  and  relatively 
easy  aaintenance.  Soae  of  the  aeabrane  aaterials  arc  aore  susceptible  to  ozone 
and  ultraviolent  deterioration  than  others.  Soae  of  the  aaterials  are  sore 
likely  to  deaonstrate  unwanted  terperature  effects  such  as  cracking  or 
stretching.  Due  to  probleas  such  as  these,  care  aust  be  taken  to  study  the 
cheaiccl  and  physical  properties  of  the  aaterial  before  their  application  is 
justified.  Table  20,  which  follows,  is  a  coapilation  of  aaterial  extracted  froa 
Fung  (1980). 

Due  to  the  stability  of  soae  of  these  liner  aaterials  when  in  contact  with 
various  cheaicals.  it  aay  be  feasible  to  utilize  their  properties  in  the 
construction  of  containaent  devices  such  as  boons. 
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TlBUt  TW-6.  WlMatlM  StMIBOlC  MignWiW  Lmt  myPTlLS 


Material 


Properties 


Polyvinyl  chloride 


Meoprene 


Polyethylene 


Butyl  rubber 


Chlorinated  polyethylene 


Contain  30-50%  of  one  or  aore  plasticizers 
(subject  to  attack  by  high  solvency  cheai- 
cals)  to  aake  fila  flexible  and  rubber-like, 
2%  cheaical  stabilizer,  and  various  aaounts 
of  fillers. 

Chlorine  containing  synthetic  rubber; 
superior  to  natural  rubber  in  resisting  oils, 
weathering,  ozone,  and  ultraviolet  radiation; 
extreaely  resistant  to  puncture,  abrasion, 
and  aechanical  daaage;  relatively  expensive 
coapared  to  other  liners. 

Tough,  highly  flexible,  inert  in  solvents, 
excellent  low  teaperature  qualities;  poor 
puncture  resistance  and  weatheribility  if 
foraulated  without  carbon  black  or  UV 
absorbers;  low  cost. 

Copolyaer  consisting  of  97%  isobutylene  and  a 
saall  aaount  of  isoprene  to  allow  unsatura¬ 
tion  for  vulcanization;  excellent  resistance 
to  peraeation  and  swelling  in  water;  poor 
resistance  to  hydrocarbon,  soae  ozone 
cracking  possible. 

ProdtKed  by  a  reaction  between  chlorine  and 
polyethylene;  not  susceptible  to  ozone 
attack,  excellent  crack  resistance  at  low 
teaperature,  good  tensile  and  elongation 
strength,  excellent  resistance  to  ataospheric 
deterioration,  liaited  range  of  tolerance  for 
cheaicals,  oils,  and  acids. 


Ethylene -propylene  rubber  (BPDM)  Terpolyaer  of  ethylene,  propylene  and  a 

diene  aonoaer  to  introduce  unsaturation  (to 
allow  vulcanization);  resistant  to  dilute 
(10%)  acids,  alkalis,  silicates,  phosphates, 
and  brine;  excellent  resistance  to  water 
absorption  and  peraeation,  relatively  poor 
resistance  to  soae  hydrocarbons,  is  not 
recoaaended  for  petroleua  solvents,  aroaa- 
tics,  or  halogenated  solvents. 

Chlorosulfonated  polyethylene  Made  by  chlorosulfonation  of  polyethylene; 

can  be  used  in  vulcanized  or  non-vulcanized 
coapounds;  good  puncture  resistance,  excel¬ 
lent  resistance  to  weathering,  age,  oil,  and 
bacteria;  high  cost,  low  tensile  strength. 
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Of  th«  utcriali  briefly  diccusMd  above,  the  following  appear  to  be  aoat 
resistant,  i.e.,  cospatible  with  the  largest  range  of  hasardous  chenicals:  vul¬ 
canized  laainated  neoprene-nylon-neoprene  aaterial,  polyurethane  fabrics,  sol¬ 
vent  resistant  rubber  iapregnated  nylon  fabric,  two-ply  nylon  fabric,  neoprene, 
paracril-ozo  coated  fabric,  terylene  fabric  impregnated  with  chloroprene  rubber, 
aluainua-aagnesiua  alloy,  and  polypropylene.  All  of  these  aaterials  are  coaaer- 
cially  aanufactured  and  available.  An  in-depth  literature  review  should  be  con¬ 
ducted  to  add  to  and  refine  this  list  of  aaterials  to  ensure  coapleteness  and 
present  state-of-the-art  knowledge. 

The  floatable  cheaicals  will  be  categorized  by  cheaical  class  for  deter- 
aining  cheaical  com>atibility  with  containaent  and  cleanup  equipaent.  If 
deficiencies  in  coapatibility  data  are  found,  siaple  laboratory  tests  will  be 
conducted  to  detemine  coapatibility  of  selected  cheaicals  with  the  fabrication 
aaterials  of  coaaercially  available  response  equipaent.  The  tests  would 
involve  placeaent  of  snail  sanples  of  various  aaterials  in  selected  cheaicals 
and  observation  by  neans  of  siaple  neasureaents  of  the  effects  on  the  aaterials 
with  tiae.  Pitting,  softening,  signs  of  dissolving,  and  weight  loss  are  typical 
of  the  types  of  observations  and  tests  to  be  nade. 

INVSSTIGATION  OF  TRI  BFFKCT  OF  BQUZPNINT  OPBKATION  ON  THB  EFFECTIVENESS  OF  FOAM 
IN  EEDUCING  HAZAEDS  ASSOCIATED  HITE  FLOATING  HA2AE00US  CHEMICALS 

Consideration  should  be  given  in  the  test  prograa  definition  to  the  iapact 
that  the  type  of  collection  equipaent  used  in  a  spill  cleanup  would  have  on  the 
flawMbility  protection  provided  by  the  foaa.  Skinning  devices  such  as  weir 
skinners  appear  to  have  a  high  degree  of  adaptability  to  cleanup  of  floating 
chenicals.  The  action  of  the  skiaaing/transfer  device  on  the  foaa  blanket 
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protection  nay  require  testing  to  verify  the  protective  efficacy  of  foan 
systens.  Use  of  a  full-scale  test  facility  such  as  OHMSBTT  nay  represent  the 
best  way  to  test  this  potential  problen. 

The  following  Table  IV-7  is  an  idealised  outline  of  a  nininun  testing 
effort  inclusive  of  laboratory,  bench,  pilot  and  siaulated  field  tests  with 
selected  foans  and  a  limited  number  of  hazardous  chemicals.  The  initial  number 
of  chemicals  should  be  selected  based  on  frequency  and  quantity  of  shipments, 
frequency  of  spills  on  waterways,  and  fire  and  toxicity  hazards.  The  fire  and 
toxicity  criteria  should  be  selected  to  include  high  flammability  and  toxicity 
ratings  but  without  excessive  hazards  to  testing  personnel  and  without  dif¬ 
ficult  waste  disposal  problems. 
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TABU  IT-7.  OUTLIBB  W  A  BIBIW  TBSTUG  AFFOP 
or  roAM  AMD  nmiAL  coiinnBiijn 


The  following  is  an  estinated  level  of  effort  for  conducting  the  tests  described 
in  the  outline  of  developaent  testjiig.  This  estiaate  does  not  include  an  esti- 
■ated  level  of  effort  for  conducting  further  literature  reviews  and  technical 
reviews . 


Level  of  Effort 
Ban-Veeks 


A.  Preparation  of  Detailed  Plan  4 

B.  Cheeical/Foaa  Coapatibility  Tests 
sssuae  20  cheaicals 

3  foaas 

6?  tests  8 

Waste  Disposal 

C.  Vapor  Suppression  Tests 

1.  Bench  Scale  Vapor  Suppression  Tests 

assuae  10  cheaicals 
3  foaas 
2  foaa  depth 
2  tei^Mratures 
2  water  types 

1  turbulence  condition 
(quiescent) 

i4d  tests  20 

Waste  Disposal 

2.  Pilot  Scale  Vapor  Suppression  Tests 
assuae  4  cheaicals 

2  foaas 

3  turbulence  conditions 
(quiescent,  flowing,  waves) 

tests  40 

Waste  Disposal 
Bquipaent 

3.  Pull  Scale  Tests  at  OaxsrTT 

D.  Coapatibility  Testing  of  Bquipaent 

Materials  and  Cheaicals 

assuae  6  aaterials 

10  cheaicals 

^  tests  10 

Waste  Disposal 
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IV- 1 8 


V.  samarr  m  coklosicms 


This  project  was  divided  into  three  Mjor  tasks  —  X  review  and  classifi¬ 
cation  of  cheaicals  contained  in  the  Coast  Guard  Chenical  Hazards  Response 
Inforaation  System  (CHRIS),  a  state-of-the-art  review  of  technologies  for  the 
containaent  and  recovery  of  floating  hazardous  chemicals,  and  general  recoaaen- 
dations  for  testing  of  foaa  and  material  efficiencies  and  compatibilities,  is  a 
result  of  this  project,  specific  deficiencies  and  problems  inherent  in  present 
technology  have  been  identified. 

The  identification  and  evaluation  of  state-of-the-art  techniques  for  the 
containaent  and  recovery  of  floating  hazardous  chemicals  must  include  the 
consideration  of  the  operative  mechanisms  of  the  techniques  involved  and  the 
physical  and  chemical  properties  of  the  spilled  chemicals.  Containaent  and 
recovery  techniques  serve  to  limit  the  horizontal  as  well  as  vertical  spread  of 
spilled  hazardous  chemicals.  Sach  of  these  techniques  will  have  an  effect  on, 
and  be  effected  by  the  physical  chemistry  of  the  spill,  the  mass  transfer  of  the 
spilled  chemicals,  as  well  as  conditions  at  the  spill  site,  such  as  wind,  waves, 
and  temperature.  By  understanding  the  techniques  and  chemical  properties  and 
and  their  inter-relationships,  problem  areas  or  developmental  needs  in  improving 
the  applicability  of  state-of-the-art  techniques  can  be  readily  identified. 

CHRIS  is  designed  to  provide  Coast  Guard  spill  response  personnel  with  the 
decision-making  information  required  in  their  response  to  emergencies  that  occur 
during  the  water  transport  of  hazardous  chemicals.  This  system  contains  infor¬ 
mation  such  as  fire  hazards,  health  hazards,  shining  inforaation,  chemical 
reactivity  and  the  physical  and  chemical  properties  of  over  1100  chemicals.  To 
properly  assess  the  potential  hazards  and  difficulties  which  could  be  encountered 


V-1 


1 

in  conbating  a  floating  hazardous  chanical,  it  was  necessary  to  develop  criteria  | 

to  detemine  what  constituted  a  floating  hazardous  chenical.  Three  aajor 

properties— floatability,  flanaability,  and  toxicity— were  reviewed  for  all  of 

the  CHSIS  chenicals  against  criteria  that  were  established.  The  application  of 

these  criteria  resulted  in  the  identification  of  330  floating  hazardous 

chenical5  from  the  CHRIS  list  of  chezicals. 

1  literature  review  was  then  conducted  to  identify  state-of-the-art 
techniques  for  the  containnent  and  recovery  of  the  floating  hazardous  chenicals. 

Of  major  concern  during  the  review  were  those  areas  such  as  flanaability  and 
toxicity  reduction  which  would  improve  personnel  safety.  Through  this  review  a 
basis  for  analyzing  the  results  of  previous  tests  of  spill  control  agents  and 
devices  was  possible. 

Surfactant  films <  foams,  and,  to  some  extent,  sorbents  appear  feasible  for 
reducing  vaporization  rates  of  floating  hazardous  chenicals.  By  reducing  the 
vaporization  rate,  these  methods  should  also  contribute  to  reducing  the 
flanaability  and  toxicity  hazards  presented  to  spill  response  personnel. 

One  aajor  point  of  concern  for  the  addition  of  any  substance  to  a  spill  is 
that  this  addition  will  most  likely  result  in  more  waste  material.  Any 
material  added  to  a  spill  becomes  at  least  partially  contaminated  and  will 
introduce  an  added  liquid  or  solid  disposal  and  cost  problem.  Personnel  who 
have  handled  hazardous  floating  chenical  spills  have  indicated  that,  in  many 
instances,  they  would  rather  attes^t  containment  and  recovery  of  a  spill  without 
the  application  of  foams  or  other  vapor  pressure  reducing  materials. 

Surfactant  films,  in  theory,  have  high  promise  for  reducing  flammability  or 
toxicity  hazards  associated  with  vapor  pressure  over  a  spill.  These  films,  when 
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applied  in  a  niat  or  aerosol  fore,  would  fora  a  thin  uniform  layer  over  the 
surface  of  the  spill,  effectively  decreasing  the  risk  of  vertical  spread  into  the 
ateosphere  through  evaporation.  Fluorocheeical  surfacant  foaes  which  collapse 
to  fore  a  thin  cover  over  hydrocarbon  liquids  have  been  shown  to  reduce  evapo¬ 
ration  rates  by  up  to  90  to  98%.  This  technique  has  been  shown  to  work  best 
on  cheaicals  having  a  surface  tension  equal  to  or  greater  than  20  dyne/ca. 

The  application  of  surfactant  filas  in  the  fora  of  Aqueous  Fila  Forming  Foaa 
(AFFF)  has  been  studied.  This  study  showed  that  AFFF  will  follow  the  aoveaent 
of  waves,  a  aajor  concern  when  choosing  a  aethod  of  vapor  rate  reduction. 

Hydraulic  or  pneumatic  equipment  could  be  used  to  apply  the  surfactant/water 
solution  over  a  spill  surface.  Since  hazardous  cheaical  spills  are  generally 
snail  (in  comparison  to  oil  spills)  hydraulic  application  would  be  aost  feasible. 

To  ensure  that  the  vapor  suppression  provided  by  the  generation  of  thin 
films  is  aaintained,  the  film  should  be  removed  with  the  hazardous  cheaical. 

Weirs  and  skinners  should  be  conpatible  with  this  goal,  but  testing  should  be 
conducted  to  detemine  the  best  aethod  of  renoval  while  retaining  the  film 
protection. 

Another  factor  which  could  effect  the  choice  of  surfactant  filas  is  the 
question  of  the  introduction  of  environmental  pollutants.  Surfactant  filas, 
being  composed  of  fluorinated  cheaicals,  nay  introduce  an  added  burden  upon  the 
ecosystem  due  to  the  inability  of  aany  organisns  to  biologically  decoapose 
halogenated  substances.  Znvestigatim  into  this  question  should  also  be 
addressed. 

Foams  have  demonstrated  a  proven  effectiveness  in  controlling  the  vapor 
release  froa  some  volatile  cheaicals.  Foaas  also  tend  to  isolate  spills  from 
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ignition  sources  end  radiant  energy.  The  availability  of  foaas,  the  wider 
applicability  of  newer  foaas,  and  on-going  research  and  developaent  help  eake 
foams  one  of  the  sore  feasible  Mans  of  lowering  evaporation  rates  of  floating 
hazardous  cheaicals. 

Extensive  studies  have  been  conducted  to  investigate  the  use  of  foaas  over  a 
variety  of  hazardous  chemicals.  As  a  result  of  this  research,  guidelines  have 
been  developed  which  allow  the  determination  of  the  compatibility  of  foaas  with 
the  functional  groupings  of  chemicals. 

The  major  deficiency  still  inherent  in  the  use  of  foaas  is  the  degradation 
which  occurrs  when  they  are  applied  to  chemicals  with  a  dielectric  constant 
above  3.  Further  investigation  and  testing  should  be  conducted  in  this  area  to 
improve  the  applicability  of  foaas  to  polar  hazardous  chemicals. 

Due  to  the  density  of  the  material,  low  expansion  foams  perform  better  than 
high  expansion  in  rough  weather.  The  higher  density  of  low  expansion  foaas 
allows  them  to  be  delivered  from  a  greater  distance,  a  factor  which  nay  be  of 
benefit  to  cleanup  personnel.  When  used  as  a  means  to  reduce  flammability 
risks,  it  has  been  shown  that  volume  expansions  to  foam  ratios  of  less  than  10:1 
are  most  effective. 

High  expansion  foaas,  while  not  performing  as  well  under  difficult  environ¬ 
mental  conditions,  have  proven  to  be  the  most  effective  for  maintaining  the 
vapor  concentration  over  a  spill  less  than  TLV.  This  is  due  to  the  entrapment 
of  the  evaporating  material  in  the  bubbles  of  the  foam.  Although  this  absorp¬ 
tion  nay  result  in  a  liguid-air  gas  mixture  that  may  be  hazardous,  the  flam¬ 
mability  risk  can  be  reduced  by  blowing  the  foam  with  an  inert  gas  during  its 
formation. 
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For  spills  involving  hydrocarbons  or  other  chesicals  with  low  water  solu- 
bilty,  rapid  sweeps  of  low  expansion  foaa  over  the  spill  from  a  nozzle  represent 
an  effective  application  sethod.  For  polar  solvents  or  other  hydrophilic  chesi- 
cals,  gently  applying  an  alcohol  type  concentrate  (&TC)  foaa  or  an  AFFF/ATC 
using  an  air-aspirating  nozzle  is  reconended.  This  sethod  of  application 
allows  a  slow  buildup  of  the  foaa  blanket. 

Tests  that  have  been  conducted  with  foams  in  wave  conditions  have  shown  that 
AFFF  and  ATC  follow  the  sovesent  of  waves,  whereas  fluoroprotein  foass  do  not. 
Further  research  should  be  conducted  to  establish  what  effect  environsental 
factors  and  solvation  have  on  foams.  Kesearch  should  also  be  conducted  to 
determine  the  layer-thickness  of  foam  required  to  effectively  reduce  the  vapor 
concentration  over  the  floating  hazardous  chemical  and  determine  the  best 
methods  for  obtaining  that  thickness. 

Due  to  the  mechanisms  involved  for  reducing  the  vaporization  rate  over  a 
floating  hazardous  chemical,  foam  stability  and  durability  should  be  greater 
than  that  provided  by  surfactant  films.  Foams  should  also  be  more  durable 
during  recovery  operations,  providing  more  protection  for  response  personnel. 
Testing  should  be  conducted  to  evaluate  the  best  means  of  chemical  removal  when 
a  foam  has  been  applied. 

A  large  variety  of  sorbent  materials  have  been  developed  for  responses  to 
spills  of  petrochemicals.  Recently,  development  of  sorbents  for  application  to 
hazardous  chemicals  has  begun. 

Sorbents  reduce  vaporization  by  th«  preferential  vetting  and  absorption  of 
the  hazardous  material  into  a  material  with  high  surface  area  and  activity. 
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Sorption  is  influenced  by  factors  such  as  surface  geoaetry,  physical  and  cheni- 
cal  attraction,  contact  tine,  and  the  density  ratio  of  sorbent/sorbate.  By 
judicious  choice  of  sorbent,  this  response  technique  is  applicable  toward  a 
wide  range  of  hazardous  chemicals.  Hazardous  Materials  nay  be  readily  accumu¬ 
lated  and  removed  from  the  spill  site. 

The  evaporation  reduction  capability  and  uncertainty  as  to  the  extent  of 
protection  that  sorbents  provide  are  based  upon  the  fact  that,  as  a  sorbent 
becomes  saturated,  a  larger  surface  area  is  provided  for  evaporatii  .  Sorptive 
capacity  and  buoyancy  nay  be  limiting,  with  the  resultant  overloading  reducing 
the  effectiveness  of  the  sorbent.  Further  testing  should  be  conducted  to 
investigate  methods  of  improving  the  buoyancy  of  effective  sorbents  and 
improving  the  efficiency  of  their  removal. 

Encapsulation  directly  localizes  the  spill  and  its  accompanying  vapor 
hazards.  While  being  highly  effective  over  small  regions,  the  ability  to  apply 
an  encapsulation  membrane  over  a  large  area  of  open  water  could  be  extremely 
difficult.  Some  plastics  which  nay  be  used  for  encapsulation  may  dissolve  when 
exposed  to  high  solvency  chemicals.  The  ability  to  seal  individual  covers  nay 
also  prove  difficult  in  an  open  water  environment. 

The  application  of  solid  or  liquid  carbon  dioxide  or  nitrogen  will 
effectively  reduce  the  vapor  concentration  over  spill.  The  feasibility  of 
transporting  the  large  storage  vessels,  and  the  resulting  high  cost,  detract 
from  the  use  of  cryogens.  Another  factor  serving  to  reduce  the  feasibility  of 
this  method  is  that  the  displacement  of  oxygen  by  the  cryogens  may  present  a 
personnel  hazard. 
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Gelation  has  been  deaonstrated  to  reduce  the  vaporization  rate  by  as  auch  as 
50%.  Vhile  being  effective  to  soae  extent  as  a  vapor  reduction  aeasure,  gela¬ 
tions  largest  proaise  appears  to  be  its  application  in  helping  to  contain  spills 
in  high  current  areas,  as  well  as  possibly  serving  as  a  base  for  foaa  applica¬ 
tion.  Further  work  involving  the  coabined  action  of  gels  and  foaas  nay  prove 
useful. 

Dilution  augaents  the  existing  air  noveaent  available  for  reaoving  hazardous 
vapors  over  a  spill.  Vhile  this  nethod  nay  lower  flannability  hazards,  it  does 
not  reduce  vapor  concentrations  below  TLV.  This  technique  requires  the  noveaent 
of  increased  volunes  of  air  with  large  blowers.  Use  of  dilution  would  be 
applicable  only  in  sparsely  populated  areas. 

Foaas  appear  to  be  the  aost  proaising  aethod  for  reducing  vaporization  and 
vapor  flaaaabilities  of  hazardous  cheaicals  that  float  on  water.  Foaas  have 
deaonstrated  their  effectiveness  in  reducing  the  flanaability  hazards  present 
above  a  hazardous  cheaical.  Vhile  not  able  to  keep  the  vapor  concentration 
below  TLV,  foaas  aay  have  soae  effectiveness  in  reducing  the  toxicity  hazard 
above  a  hazardous  spill. 

Factors  which  contribute  to  the  selection  of  a  containaent  or  recovery 
systea  or  device  include  its  effectiveness  and  efficiency,  its  recovery  rate  of 
the  spill  aatcrial,  its  safety  features,  its  transportability  to  allow  rapid 
deployaent,  and  the  coapatibility  of  the  aaterials  used  to  construct  the 
containaent  or  recovery  device  with  the  spilled  hazardous  cheaical. 

None  of  the  containment  devices  reviewed  could  function  effectively  in 
choppy  water  or  in  currents  greater  than  about  4  knots.  Extensive  research  has 
been  conducted  to  investigate  the  different  nodes  of  failure  of  these  devices. 
Based  upon  this  research,  it  can  be  concluded  that  to  be  effective,  barriers 
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should  b«  erected  to  deflect  the  spilled  aaterial  to  a  region  of  slower 
currents  and  calmer  water  to  allow  adequate  containeent  and  recovery  of  the 
hazardous  chemical.  To  facilitate  containment  and  recovery  procedures  in  areas 
not  presenting  nominal  conditions,  research  should  be  conducted  to  investigate 
the  feasibilty  of  applying  gels  in  combination  with  containment  configurations. 

Most  of  the  skimming  devices  which  have  been  developed  are  meant  to  be  used 
with  petrochemicals.  The  effectiveness  of  the  devices  that  have  been  developed 
for  response  to  hazardous  chemicals  is  greatly  influenced  by  environmental 
factors  and  the  density  of  the  hazardous  chemical.  To  be  effective,  these 
devices  should  nominally  be  used  in  low  current  or  calm  waters.  Some  of  the 
devices  reviewed  were  limited  in  their  range  of  applicability  to  floating 
hazardous  chemicals.  Work  should  be  conducted  to  improve  the  effectiveness  of 
these  devices  in  rough  water  and  to  extend  their  range  of  use. 

A  major  factor  to  be  considered  in  choosing  a  containment  or  removal  device 
is  the  compatibility  of  its  material  of  construction  with  the  hazardous  chemical 
agent.  Many  materials  presently  utilized  in  constructing  spill  response  equipment 
contain  plasticizing  agents.  High  solvency  chemicals  will  quickly  destroy  the 
effectiveness  of  such  materials.  By  properly  choosing  construction  materials 
which  are  compatible  with  the  spill  material,  the  lifetime  of  the  equipment  may 
be  extended,  equipment  failure  may  be  reduced  or  prevented,  and  the  release  of 
more  chemicals  into  the  environment  may  be  prevented.  This  area  should  be  more 
thoroughly  Investigated. 

Upon  completion  of  the  state-of-the-art  review,  the  CHRIS  chemicals  were 
placed  into  categories  based  on  flammability  and  toxicity  information  accumu¬ 
lated  during  the  first  part  of  this  program.  A  discussion  concerning  two 
methods  of  categorizing  the  floating  CHRIS  chemicals  is  presented  in  Appendix  B. 


Using  this  classification  aethod,  spill  mitigation  technologies  were  investi¬ 
gated  to  determine  which  technologies  showed  the  greatest  promise  of  being  areas 
in  which  further  research  would  contribute  significantly  toward  increasing  spill 
response  effectiveness. 

The  review  of  state-of-the-art  spill  containment  and  recovery  techniques, 
which  have  to  date  been  directed  primarily  at  crude  oil  spills,  identified 
several  deficiencies  in  response  procedures  to  spills  of  floatable  chemicals. 

The  315  floatable  chemicals  that  were  identified  during  the  first  part  of  the 
program  collectively  present  potential  problems  in  chemical  compatibility  with 
containment  and  recovery  equipment  and  in  the  creation  of  a  toxic  or  otherwise 
hazardous  atmosphere  near  a  spill.  Data  exist  on  the  compati'-  '' ity  of  chemi¬ 
cals  and  procedures  for  controlling  vaporization  of  spilled  chemicals,  but  a 
comprehensive  application  of  this  data  to  floatable  chemicals'  spill  control 
procedures  and  equipment  has  not  been  done. 

To  arrive  at  a  broad  understanding  of  the  appropriate  response  to  spills  of 
hazardous  floatable  chemicals,  a  number  of  programs  ranging  from  literature 
reviews  to  laboratory,  pilot,  and  field  testing  would  be  required.  Considering 
the  large  number  of  floatable  chemicals  of  concern,  and  the  variety  of 
environmental  factors  such  as  wind  velocity,  wave  motion,  temperature,  etc., 
that  can  affect  spill  containment  and  clean-up,  categorization  of  chemicals  and 
prioritization  of  factors  affecting  spill  response  would  be  an  important  aspect 
of  further  work. 

The  following  areas  are  proposed  for  further  study: 

1.  Investigation  of  the  compatibility  of  foams  with  floating  hazardous 
chemicals: 
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2)  Investigation  of  anvironnental  ef facts  on  the  effectiveness  of  the  use  of 
foans  with  floating  hazardous  chenicals; 

3)  Investigation  of  the  compatibility  of  containaent  and  recovery  device 
construction  eaterials  with  floating  hazardous  chewicals;  and 

4)  Investigation  of  the  effect  of  collection  eguipnent  operation  on  foae 
protection. 
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PBTSICAL-CHBiaClL  CHUt&CTEBISTZCS  OF  FLOATUR  CHBIS  CHITriUS 


TIBLB  1-1.  Floatability/PluHability/Toxicity  Chu-acteristics 
To  properly  aiiees  the  potential  hazards  and  difficulties  which  could  be 
encountered  in  coabating  a  hazardous  floating  cheaical,  it  was  necessary  to 
develop  criteria  to  deteraine  what  constitutes  a  floating  hazardous  cheaical. 
Three  aajor  properties  —  floatability,  flaaaability,  and  toxicity  —  were 
deterained  as  those  that  would  factor  significantly  in  assessing  the  risk 
involved  in  atteapting  to  aitigate  a  floating  hazardous  cheaical  spill.  A 
discussion  of  the  criteria  developed  for  deteraining  the  floatability,  flaa- 
aability,  and  toxicity  of  the  cheaicals  reviewed  for  this  study  is  presented  in 
the  Approach  section. 


Floatability:  The  cheaicals  are  noted  as  being  floatable  (yes)  or  floatable 
under  various  environaental  conditions  such  as  high  salinity  (yes*). 


Flaaaability:  The  flaaaability  data  was  based  priaarily  on  NFPA  ratings 
and  seconciarily  on  the  aaterial's  respective  flash  point. 


Koncoabustible:  Materials  having  an  NFPA  rating  of  1  or  0  and/or 
those  having  a  flash  point  greater  than  200F. 

Coabustible:  Materials  having  an  NFPA  rating  of  2  and/or  those  having 
a  flash  point  of  100-200F. 


Flaaaable:  Materials  having  an  NFPA  rating  of  3  and/or  having  a  flash 
point  of  less  than  lOOF. 


Highly  Flaaaable:  Materials  having  an  NFPA  rating  of  4. 


Toxicity:  Inforaation  obtained  froa  Threshold  Liait  Values  (TLV's)  and 
Short  Tera  Exposure  Liaits  (STEL's)  was  given  first  priority  in  the  ranking 
process.  The  following  criteria,  which  are  based  on  regression  analyses, 
were  used  as  a  guideline  in  the  grouping. 


Croup 


TLV  (ppa) 


STEL  (ppa) 


Not  Toxic 
Slightly  Toxic 
Moderately  Toxic 
Highly  Toxic 


1000 

100 

5 

0.1 


5S00 

130 

3 

0.1 
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Data  froB  tha  OHM-TADS,  LD-50's,  and  MFPA  health  codea  were  also 
considered.  In  sone  instances,  it  was  necessary  to  assign  a  chenical 
to  a  category  based  on  limited  toxicity  inforaation.  In  other  cases, 
contradictory  data  led  to  a  grouping  decision  based  on  the  sore 
conservative  piece  of  inforaation. 

Not  Toxic:  Indicates  that  the  material  poses  no  health  hazard. 

Slightly  Toxic;  Indicates  chemicals  which  on  exposure  would 
cause  irritation  but  only  minor  residual  injury  even  without 
medical  treatment.  Chemicals  which  irritate,  but  do  not  destroy 
tissue,  and  materials  which  require  the  use  of  canister-type  gas 
masks  are  included  in  this  category. 

Moderately  Toxic;  Indicates  those  materials  which  cause 
temporary  incapacitation  or  possible  residual  injury  unless 
prompt  medical  attention  is  given.  Materials  included  in 
this  category  require  the  use  of  protective  respiratory 
equipment  with  independent  air  supply. 

Highly  toxic;  Indicates  materials  which  on  short  exposure 
could  cause  serious  temporary  or  residual  damage  (possibly  death) 
even  with  prompt  medical  attention.  Materials  that  are  corrosive 
to  living  tissue  or  toxic  by  skin  adsorption,  and  materials 
requiring  protection  from  all  bodily  contact  are  included  in 
this  category. 
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TASJE  A-2.  Phjrrieal-Owmical  Charactaristia  of  Floating  Hazordoui  Chomtcob 


Tho  Spocific  Grovlty  of  o  solid  or  liquid  is  tho  ratio  of  tho  weight  of  the  substance  to  the 
weight  of  on  equal  volume  of  woter  ot  o  specified  temperoture. 

The  Dielectric  Constont  of  o  medium  is  defined  by  0  in  the  Coulomb  equation,  F  «  , 

where  F  «  the  force  of  ottroetion  between  two  charges,  Q  and  separated  by  a 
distorvce  R. 

Polarity:  Although  a  molecule  moy  be  neutral  and  have  no  net  charge,  it  con  be 
polarized  resulting  in  a  separation  of  charge  within  the  molecule.  Polarization  moy  exist 
permanently  in  a  molecule  or  it  nwy  be  induced  by  the  approach  of  another  molecule 
which  itself  has  a  chorge. 

Surface  Tension:  Two  fluids  in  contact  exhibit  various  properties  due  to  molecular 
ottroctions  which  appear  to  arise  from  o  tension  in  the  surface  of  separation.  Generally, 
the  higher  the  surfoce  tension  of  o  substance,  the  more  the  substance  odheres  to  itself. 

Solubility  Rotino:  There  is  a  lock  of  uniformity  in  the  literoture  concerning  the  method 
of  reporting  woter  solubility.  Numericol  date  concerning  water  solubility  scarcely 
appears  In  the  literoture.  Bosed  on  ovoiloble  quantitative  ortd  qualitotive  data,  the 
chemicals  in  this  table  ore  listed  os  immiscible  (IM),  slightly  soluble  (SL),  soluble  (SO), 
and  very  soluble  (YS)  in  water. 


CMBIICAL  SPECIFIC  DIELECTRIC  POLARITY  SURFACE  SOLUBILITY 

GRAVITY  CONSTANT  TENSION  RATING 

(dyiMS/cM)  (in  water) 
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CmMICaL  SPBCiriC  DIBLBCTRIC  POtARITY  SURPACB  SOLUBILITY 

GRAVITY  CONSTANT  TENSION  RATING 

(dynaa/oB)  (In  vater) 
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CWNICAL  8PBCIPIC  DIBLBCTRIC  POLKRITV  8URPACB  SOUIBILITY 

GRAVITY  CONSTANT  TENSION  RATING 

(dytws/ca)  (In  watar) 
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CIIBIIGJIL  SPRCirtC  DIBIJtCTRIC  POIARITY  SURPACB  SOLUBILI' 

GRAVITY  CONSTANT  TENSION  RATING 

(dyntts/ca)  ( In  wate 
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Table  A-3*  FksnmoMtlly  Ooto  for  Floating 


Chomioois 


NFPA  Flommobfllty  Rottnq:  Tho  Notlonol  Rro  Protoctlon  Association  (NFPA)  ranks 
dwnieal  flammability  hazards  on  a  seal*  of  0  to  4,  with  a  rating  of  4  boing  tho  greatest 
flammability  hozord  and  0  the  least  hazard.  The  rating  system  is  described  in  detail  in 
the  Approach  sectioru 

Flammable  (Explosive)  Limits;  For  vapors  or  gases  which  form  flammable  mixtures  with 
air  or  oxygen,  there  will  exist  a  minimum  concentration  of  vapor  in  oir  or  oxygen  below 
which  propogation  of  flame  does  not  occur  on  contact  with  a  source  of  ignition.  For  a 
gos  or  vapor  there  oiso  exists  a  maximum  percentoge  in  air  or  oxygen  above  which  the 
propogation  of  o  flame  will  not  occur.  These  lower  and  i^per  concentration  percentages 
are  known  os  the  Lower  ar«d  Upper  Flammability  Limit,  respectively. 

Vapor  Pressure  is  the  pressure  exerted  when  a  solid  or  liquid  is  in  e^ilibrium  with  its 
own  vapor.  The  vapor  pressure  is  a  direct  function  of  the  substortce  and  the  temperature. 

The  flosh  point  of  a  substance  is  the  minimum  temperature  at  which  it  gives  off 
sufficient  vapor  to  form  on  ignitable  mixture  with  the  oir  neor  the  surfoce  of  the  liquid 
or  within  the  vessel  used.  An  ignitable  mixture  is  o  inixture  with  a  concentration 
between  the  upper  ortd  lower  flOTtmable  limits  that  is  able  to  propogate  o  flame  awoy 
from  the  source  of  ignition  when  ignited. 


CamiCkL  NPPA  tiOWBR  UPPER  VAPOR  PLASH 

PLAMNAB.  PLAMMAB.  PLAMHAB.  PRESSURE  POINT 

RATING  LIMIT  LIMIT  (m  Mg)  (Deg  P 
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NPPA  LOWER  UPPER  VAPOR  PLASH 
LAMMAB.  PLAMNAB.  PLAHNAB.  ntESSURB  POINT 
RATINC  UNIT  LIMIT  (U  Hq)  (Deq  P 
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MFPA  LOMBR  UPPER  VAPOR  PLASH 
LAHMAB.  PLAMHAB.  PLANNAB.  PRESSURE  POINT 
RATING  LIHIT  LIMIT  (M  Hg)  (Deg  P 
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■Rvns  or  onoPDR  ruoKmc  cnis  emeus 


S«T*r«l  Mthods  of  catogorlBing  th*  floating  CHKIS  chanicala  have  been 
investigated  to  serve  as  a  guide  toward  directing  irttich  spill  aitigation  tech¬ 
nology  should  be  utilized  and  to  warn  the  spill  response  teaa  of  possible 
toxicity  or  flanaability  hazards.  The  method  which  seeas  to  be  most  feasible  is 
one  which  involves  a  table  containing  an  alphabetical  listing  of  all  the 
floating  CBBIS  cheaicals.  Through  this  table,  the  spill  response  personnel  can 
identify  the  cheaical(s}  of  interest  and  be  referred  to  a  table  giving  infor- 
aation  concerning  the  toxic  or  flaaaability  hazards  of  that  cheaical.  Thirteen 
tables  have  been  developed  which  group  cheaicals  from  not  toxic  and  not  com¬ 
bustible  through  highly  toxic  and  highly  flaaaable.  The  percent  distribution  of 
the  292  floating  cheaicals  according  to  these  groupings  is  depicted  in  Figure 
B-1.  and  the  grotq>ings  are  listed  in  Tables  B-1  through  B-13.  These  tables  also 
indicate  the  type  of  foaas  recoaaended  for  vapor  suppression.  The  proposed 
grouping  of  chemicals  as  well  as  definitions  of  each  group  is  given  below.  The 
toxicity  characteristics  were  used  to  group  the  cheaicals  into  one  of  four  cate¬ 
gories  based  on  the  NFPl  guidelines: 

Not  Toxic  Indicates  that  the  aaterial  poses  no  health  hazard. 

Slightly  Toxic  Indicates  cheaicals  which  on  exposure  would  cause  irrita¬ 
tion  but  only  ainor  residual  injury  even  without  aedical 
treataent.  Cheaicals  which  irritate,  but  do  not  destroy 
tissue,  and  aaterials  which  require  the  use  of  cannister- 
type  gas  aasks  are  included  in  this  category. 


Nod«rat*ly  Toxic 


Highly  Toxic 


Indicates  those  Mterials  which  cause  teiporary  incapaci¬ 
tation  or  possible  residual  injury  unless  pro^>t  nedical 
attention  is  given.  Materials  included  in  this  category 
require  the  use  of  protective  respiratory  equipnent  with 
independent  air  supply. 

Indicates  naterials  which  on  short  exposure  could  cause 
serious  teiq>orary  or  residual  danage  (possibly  death)  even 
with  proapt  nedical  attention.  Materials  that  are  corro¬ 
sive  to  living  tissue  or  toxic  by  skin  adsorption,  and 
naterials  requiring  protection  fron  all  bodily  contact  are 
included  in  this  category. 
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TABLE  B-1.  Non-Toxic,  Honcoabustlbl* 


EPOXZOXZED  VEGETABLE  OILS 
OIL,  EDIBLE:  CASTOR 
OIL,  EDIBLE:  COCOHDT 
OIL,  EDIBLE:  FISH 
OIL,  EDIBLE:  lARD 
OIL,  EDIBLE:  OLIVE 
OIL,  EDIBLE:  PAIM 
OIL,  EDIBLE:  PEANUT 
OIL,  EDIBLE:  SAFFLOWER 
OIL,  EDIBLE:  SOYA  BEAN 
OIL,  EDIBLE:  TUCDM 
OIL,  EDIBLE:  VEGETABLE 
OIL,  MISC:  LINSEED 
OLEIC  ACID 
PETROLATUM 
WAX:  CARNAUBA 
WAX:  PARAFFIN 


TABLE  B-2.  Non-Toxic,  Highly  Flaomabls 


ACETYLENE 


TABLE  B-3.  Slightly  Toxic,  Nonconbustibl* 


I'TETRAOECENE 
AMYL  FHTRALATE 

DIETHYLENE  GLYCOL  MOMOBUTYL  ETHER  ACETAT 

DIZSOBOTYL  PHTHALATE 

DIISODECYL  FHTRALATE 

DIZSOOCTYL  PHTHALATE 

DIOCTYL  ADIPATE 

DIOCTYL  PHTHALATE 

DODECAMOL 

DODECYLBENZEME 

ETHOXYLATED  DODECANOL 

ISODECYL  ACRYLATE 

OCTYL  EPOXY  TALLATE 

OIL,  EDIBLE:  COTTONSEED 

OIL,  KI8C:  LDBRICATING 

OIL,  MISC:  MINERAL 

OIL,  MISC:  MOTOR 

OIL,  MISC:  NEATSFOOT 

OIL,  MISC:  PENETRATING 

OIL,  MISC:  RANGE 

OIL,  MISC:  RESIN 

OIL,  MISC:  ROAD 

OIL,  MISC:  ROSIN 

OIL,  MISC:  SPERM 

OIL,  MISC:  TALL 

OIL,  MISC:  TANNER'S 

OIL,  MISC:  TURBINE 

POLYBUTENE 

POLYPROPYLENE  GLYCOL 
STEARIC  ACID 
TALLOM 

TALLOM  PATTY  ALCOHOL 

TETRADECANOL 

TRIDECANOL 

UNDECANOL 

p-t«rt-BUTYLPHENOL 


TABLE  B-4.  Slightly  Toxic,  Conbustlbl* 


I'DECEIfE 

1-OOOECENE 

1-TRIDECENE 

COPPER  IIAPTHENATE(IC)  COPPER ( II )MAPTH 

DIISOBOTYLCARBIMOL 

DIPENTEME 

DODECENE 

ETHYL  BUTANOL 

HEPTANOL 

HEXANOL 

ISOAMYL  ALCOHOL 

ISODECYL  ALCOHOL 

JET  FUEL:  JP-1  (KEROSENE) 

JET  FUEL:  JP-3 

JET  FUEL:  JP-5  (KEROSENE,  HEAVY) 
KEROSENE 

LINEAR  ALCOHOLS  (12-15  CARBONS) 

MINERAL  SPIRITS 

NONANOL 

OCTANOL 


OIL, 

FUEL: 

MO.  1  (KEROSENE) 

OIL, 

FUEL: 

NO.  1-D 

OIL, 

FUEL: 

MO.  2 

OIL, 

FUEL: 

NO.  2-D 

OIL, 

FUEL: 

NO.  4 

OIL, 

FUEL: 

MO.  5 

OIL, 

FUEL: 

NO.  6 

OIL, 

MISC: 

MINERAL  SEAL 

OIL, 

MISC: 

SPINDLE 

OIL, 

MISC: 

SPRAY 

OIL: 

DIESEL 

PROPYLENE  TETRAMER 
n-BUTYL  METHACRYLATE 


TABLE  B-5.  Slightly  Toxic, 


Flaamablo 


1- HEPTEME 
I'HEXZNE 
1.NONENE 
1>0CTENE 

2- METHYL  PEMTENE 
CKLOROPRENE 
CYCLOHEXANE 
CYCLOHEXENE 
CYCLOPENTANE 
DIETHYL  KETONE 
DI ISOBUTYLENE 
ETHYL  ACETATE 
ETHYL  BUTYRATE 
ETHYL  CYCLOHEXANE 
ETHYL  METHACRYLATE 
GAS  OIL:  CRACKED 

GASOLINE  BLENDING  STOCKS:  ALKYLATES 

GASOLINE  BLENDING  STOCKS:  REFORMATES 

GASOLINE:  AUTOMOTIVE  (4.23G  Pb/GAL) 

GASOLINE:  AVIATION  (4.86G  Pb/GAL) 

GASOLINE:  CASINGHEAD 

GASOLINE:  POLYMER 

GASOLINE:  STRAIGHT  RUN 

HEPTANE 

HEPTANOIC  ACID 

HEXANE 

ISOAMYL  ACETATE 
ISOBUTYL  ACETATE 
ISOHEXANE 
ISOOCTALDEHYDE 
ISOOCTANE 
ISOPROPYL  ACETATE 
ISOPROPYL  CYLCOHEXANE 
JET  FUEL:  JP-4 
METHYL  METHACRYLATE 
METHYLACRYLATE 
METHYLCYCLOPENTANE 
NAPTHA:VM  «  P  (75%  NAPTHA) 

NEOHEXANE 

NONENE 

OIL,  MX8C:  COAL  TAR 
OIL:  CRUDE 
TURPENTINE 
■-XYLENE 
n-AMYL  ACETATE 
n-ANYL  ALCOHOL 
n-AMYL  CHLORIDE 
O-XYLENE 
p-XYLBHS 
MO-AMYL  ACETATE 
t«rt-ANYL  ACETATE 
tmrt-BDTYL  ACETATE 
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TABLE  B-6.  Slightly  Toxic,  Highly  Planmable 


l,3oPENTAOIENE 

1,4-PENTAOIENE 

BUTADIENE 

BUTANE 

BUTYLENE 

COLLODION 

CYCLOPROPANE 

ETHANE 

HYDROGEN,  LIQUIFIED 
ISOBUTANE 
ISOBUTYLENE 
ISOPENTANE 

LIQUIFIED  PETROLEUM  GAS 
METHANE 

METHYL  ACETYLENE,  PROPADIENE  MIXTURE 

PETROLEUM  NAPHTHA 

n-PENTANE 
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TABLE  B-7.  Mod«rat«ly  Toxic,  Noncoabustlble 


ASPHALT 
BENZYL  ALCOHOL 

DI-(2-ETHYLHEXYL) PHOSPHORIC  ACID 

DI-n-AMYL  PHTHALATE 

DIBENZYL  ETHER 

DIBUTYL  PHTHALATE 

DIBUTYLPHENOL 

DIMETHYLPOLYSILOXANE 

DIMETHYLPOLYSILOXANE 

ETHOXYLATED  TRIDECANOL 

LAURYL  MERCAPTAN 

NAPHTHENIC  ACID 

NONYL  PHENOL 

OIL,  MISC:  ABSORPTION 

OIL,  MISC:  TRANSFORMER 

XYLENOL 

n-DECYL  ACRYLATE 
n-DECYLBENZENE 
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TABLE  B-8.  Mod«rat«ly  Toxic,  Coabustibl* 


2*ETHYL  HEXAMOL 

2-ETHYI.-3-PROI»yLACROLEIN 

2-ETHYIHEXYL  ACRYLATE 

2 -METHYL-5-ETHYLPRYIOINE 

ACETOPHENONE 

ACETYL  ACETONE 

BENZALDEHYDE 

BENZONZTRZI2 

BUTYL  BUTYRATE 

CAMPHOR  OIL 

CARENE 

CREOSOTE,  COAL  TAR 
CUMENE 

CUMENE  HYDROPEROXIDE 

CYCLOHEXANONE 

CYCLOHEXANONE  PEROXIDE 

DECAHYDRONAPHTRALENE 

DIETHYLBENZENE 

DIISOBUTYL  KETONE 

DISTILLATES:  FLASHED  FEED  STOCKS 

DISTILLATES:  STRAIGHT  RUM 

ETHOXYDIHYDROPYRAM 

ETHYL  ACETOACETATE 

ETHYLENE  GLYCOL  MONOBUTYL  ETHER  ACETATE 

ETHYLHEXALDEHYOE 

ISODECALDEHYDE 

ISOOCTYL  ALCOHOL 

METHYL  AMYL  ACETATE 

METHYL  ISOBUTYL  CARBIMOL 

METHYL  NAPHTHALENE 

METHYL  STYRENE,  ALPHA 

NAPTHA: COAL  TAR 

NAPTHA: SOLVENT 

NAPTHA: STODDARD  SOLVENT 

TETRAHYDRONAPHTKALENE 

TRIETHYLBENZENE 

TRIMETHYLACETIC  ACID 

VINYL  TOLUENE 

n-AMYL  METHYL  KETONE 

n-AMYL  NITRATE 

n-BUTYL  ACRYLATE 

n-OECALDEHYDE 

n-OECYL  ALCOHOL 

p-CYMENE 
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TABLE  8-9.  Mod«rat«ly  Toxic,  Flaainabl* 


1- NITROPKOPANE 

2- METRyL*6-ETRYL  ANILZKE 
2-NlTROPROPANE 

4 , 4-DZCBLORO-al-TRICHLOROMETHyLBENZyHDRO 

DZ-n-BUTYL  ETHER 

DZCYCLOPEHTAOZENE 

DZETHYL  CARBONATE 

ETHYL  ACRYLATE 

ETHYL  FORMATE 

ETHYLBENZENE 

ETHYLENE  GLYCOL  OZETHYL  ETHER 

ETHYLZDENENORBORNENE 

ZSOPROPYL  ETHER 

ZSOVALERALDEHYDE 

MESZTYL  OXZOE 

METRALLYL  CHLORZDE 

METHYL  -n-BUTYL  KETONE 

METHYL  ZSOBUTYL  KETONE 

NONANE 

STYRENE 

TOLUENE 

VZNYL  ACETATE 

Iso-AMYL  NZTRZTE 

lao-BUTYL  ACRYLATE 

ISO-BUTYRALDEHYDE 

n>AMYL  MERCAPTAN 

n-BOTYL  ACETATE 

n-BUTYRALDEKYOE 

n-HEXALDEHYOE 

n-PROPYL  ACETATE 

n-PROPYL  MERCAPTAN 

n-VALERALDEHYDE 

•ac-BUTYL  ACETATE 

tart-BDTYL  HYDROPEROXZDE 
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TABLE  B-10.  Mod«ratttly  Toxic,  Highly  Flaaonabl* 


l-PEMTENE 
CARBON  MONOXIDE 
DIMETHYL  SULFIDE 
ETHYL  CHLORIDE 
ETHYL  ETHER 
ETHYL  NITRITE 
ISOPRENE 

VINYL  ETHYL  ETHER 
VINYL  FLUORIDE 
VINYL  METHYL  ETHER 


I 
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TABLE  B-11.  Highly  Toxic,  Coabustiblo 


ADZPONITRILE 

AMILIKE 

CRESOLS 

DECABORAME 

DZ-n-BDTYL  XETOHE 

OZ-n-BUTYIAMINE 

ETHYL  TOLUENE 

ZSOPHORONE 

ZSOPHORONE  DIAMINE 

ISOPHORONE  OIISOCYANATE 

LAUROYL  PEROXIDE 

METHYL  AMYL  ALCOHOL 

n-METHYIANILINE 

o-TOLUIDINE 

p-CRESOL 
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TABUS  B-12.  Highly  Toxic,  Flanablo 


ALLYL  CHLORIDE 
BENZENE 

CROTONALDEHYDE 

DZ-n-PROPYIAMZNE 

OZZSOBDTYLAMZNE 

HEXAMETHYLENEZMINE 

ISOBDTYRONITRZLE 

TRIETHYLMflNE 

n-BUTYL  KERCAPTAN 

n-ETHYL  CYCLOHEXYLAMINE 

n-ETHYL-n-BOTYLAMINE 
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TABU  B-13.  Highly  Toxic,  Highly  Flaanablo 


ETHYL  MERCAPTAN 
HYDROGEN  SULFIDE 
VINYL  CHLORIDE 
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InotlMr  Mans  by  which  tha  floating  CBSIS  chaaicala  nay  ba  groupad  is 
according  to  tha  dagraa  of  hazard  that  thay  present.  By  this  systea,  cheaicals 
deterained  to  ba  both  highly  toxic  and  hi^ly  flaaaabla  would  fora  ona  group; 
thosa  found  to  ba  aithar  aodarataly  toxic  or  hi^ly  toxic  would  fora  another 
group;  a  third  group  would  contain  those  chaicals  that  are  flaaaable  or  highly 
flaaaable;  and  the  fourth  group  would  be  coaprised  of  the  reaainder  of  the 
®****^^*^*'  advantage  of  such  an  arrangeaant  is  that  attention  is  focused 
toward  tha  hazardous  natura  of  tha  chaaicals.  The  disadvantage  of  this  systea 
lias  in  tha  large  size  of  tha  fourth  group  which  aasks  tha  characteristics  of 
each  chaaical. 

Tha  first  grouping  of  highly  toxic,  highly  flaaaable  is  already  listed  in 
Table  B-13.  Tha  percent  distribution  of  tha  292  floating  cheaicals  according  to 
these  groupings  is  depicted  in  Figure  B-2,  and  tha  raaainder  of  the  groupings 
i*  listed  in  Tables  B-14  through  B-16. 
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TABLE  B-14.  l!od«r»t«ly  Toxic,  Highly  Toxic 


ACETOPHENONE 

AOXPONITRZLE 

ALLYL  CHLORIDE 

n-AKYL  METHYL  KETONE 

n-AMYL  MERCAPTAN 

ioo-AMYL  NITRITE 

ANILINE 

n-AMYL  NITRATE 

ASPHALT 

ACETYL  ACETONE 

iso-BUTYRALDEHYDE 

iso-BOTYL  ACRYLATE 

BENZYL  ALCOHOL 

n-BUTYL  ACETATE 

tort'BOTYL  HYDROPEROXIDE 


BENZENE 

soc-BDTYL  ACETATE 
n*BOTYL  ACRYLATE 
n-BOTYL  MERCAPTAN 
n-BUTYRALDEHYDE 
BUTYL  BUTYRATE 
BENZALDEHYDE 
BENZONITRILE 
CARENE 

CYCLOHEXANONE 
CREOSOTE,  COAL  TAR 
CYCLOHEXANONE  PEROXIDE 
CUMENE  HYDROPEROXIDE 
CARBON  MONOXIDE 
p-CYMENE 
CAMPHOR  OIL 
CRESOLS 


p-CRESOL 

CROTONALDEHYDE 


CUMENE 

n-DECALDEHYDE 


n«DECYL  ALCOHOL 
DI-n-AMYL  PHTBALATE 
n-DECYL  ACRYLATE 


DI-n-BUTYIAMINE 
DI-n-BUTYL  ETHER 
DI-n-BDTYL  KETONE 


OIBBMZYL  ETHER 

DECABORAME 

DIBOTYLPBEHOL 

OIISOBOTYLMIZME 

fl-DECYLBBNEENE 

DIETHYLEEMSEIIE 

DIETHYL  CAREOMATE  _ _ 

DZ-(2-ETRYLBBXYL)  PHOSPHORIC  A^ 
OXSTZLLATESinASHEO  FEED  STOCKS 


DXXSMOTYL  XETOME 
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TABLE  B~14.  Mod«rat«ly  Toxic,  Highly  Toxic,  con'd. 


OXMETHYLPOLySZLOXANE 

DmETHYLPOLYSZLOXAME 

BZ-a-FBOpyiAMZNE 

DOOECYLOIPHENYL  OXIDE  DZSULFOMATE 

DZBDTYL  PBTHALATE 

DZCYCLOPENTAOZEME 

DIMETHYL  SULFIDE 

DISTILLATES:  STRAIGHT  RUN 

4 , 4-DICHLORO-al-TRICHLOROMETHYLBENZYHDRO 

ETHYL  ACETOACETATE 

ETHYL  ACRYLATE 

2-ETHYLHEXYL  ACRYLATE 

n-ETRYL*n-BDTYIAMINE 

n-ETHYL  CYCLOHEXYIAMINE 

ETHYL  CHLORIDE 

ETHYLENE  GLYCOL  DIETHYL  ETHER 

ETHYL  ETHER 

ETHYL  FORMATE 

ETHYLHEXALDEHYDE 

ETHOXYDIHYDROPYRAN 

2-ETHYL  HEXANOL 

ETHYLENE  GLYCOL  MONOBUTYL  ETHER  ACETATE 

ETHYL  MERCAPTAN 

ETHYLIDENENORBORNENE 

2-ETHYL-3-PROPYLACROLEIN 

ETHYLBENZENE 

ETHOXYLATED  TRIDECANOL 

ETHYL  TOLDENE 

ETHYL  NITRITE 

n-HEXALDEHYDE 

HYDROGEN  SULFIDE 

HEXAMETHYLENEIMINX 

ISOBUTYRONITRILE 

ISODECALDEHYDE 

ISOOCTYL  ALCOHOL 

ZSOPHORONE  DIISOCYANATE 

ISOPROPYL  ETHER 

ISOPBORONE 

ISOPBORONS  DIAMINE 

ISOPRENS 

ISOVALERALOBBYOE 
LADROYL  PBROXZOE 
XADRYL  MERCAPTAN 
METHYL  AMYL  ALCOHOL 
METHYL  AMYL  ACETATE 

n-METHYLANILINE  _ 

METHYL  -B-BUTYL  XETONE 
METHALLYL  CHLORIDE 

2-methyl-s-ethyl  aniline 

a-METHYL-S-ETHYLPRYZDZME 
METHYL  ZSOIOTYL  CARBZMOL 
METHYL  XSOBOTYL  KETONE 
METHYL  NAPHTHALENE 
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TABLE  B-14.  Mod«rat«ly  Toxic,  Highly  Toxic,  con'd. 


MESITYL  OXIDE 

METHYL  STYHENE,  ALPHA 

NONANE 

NAPTHA: COAL  TAR 
NONYL  PHENOL 

1- NZTROPROPANE 

2- NZTROFROPAME 
NAPTHA: STODDARD  SOLVENT 
NAPTHA: SOLVENT 
NAPHTHENIC  ACID 

OIL,  MISC:  ABSORPTION 
OIL,  MISC:  TRANSFORMER 
n-PROPYL  ACETATE 
POLYETHYLENE  POLYAMINES 
n-PROPYL  MERCAPTAN 
PYRETHRINS 
l-PENTENE 
STYRENE 

TRIMETHYLACETIC  ACID 

TRIETHYLBENZENE 

TRIETHYLAMINE 

TETRAHYDRONAPHTHALENE 

o-TOLDIDINE 

TOLDENE 

n-VALERALDEHYDE 
VINYL  ACETATE 
VINYL  CHLORIDE 
VINYL  ETHYL  ETHER 
VINYL  FLUORIDE 
VINYL  METHYL  ETHER 
VINYL  NEODECANATE 
VINYL  TOLUENE 
XYLENOL 


TABLE  B*15.  FlaBoabl*,  Highly  Flamaabl* 


n-AMYL  ALCOHOL 
■•c-AMYL  ACETATE 
ACETYLENE 
ALLYL  CHLORIDE 
n-AMYL  ACETATE 
n-AKYL  MERCAPTAN 
n>AMYL  CHLORIDE 
ISO'ANYL  NITRITE 
t«rt-AMYL  ACETATE 
Iso-BUTYRALDEHYDE 
Iso-BUTYL  ACRYLATE 
n-BOTYL  ACETATE 
BUTADIENE 

t«rt-BUTYL  HYDROPEROXIDE 
BENZENE 

■•C*BUTYL  ACETATE 
n-BUTYL  MERCAPTAN 
BUTYLENE 
n-BUTYRALDEHYDE 
BUTANE 

t«rt-BUTYL  ACETATE 

CYCLOHEXANE 

COLLODION 

CARBON  MONOXIDE 

CAMPHENE 

CYCLOPROPANE 

CHLOROPRENE 

CROTONALDEBYDE 

CYCLOHEXENE 

CYCLOPENTANE 

OI>n-BUTYL  ETHER 

DIISOBUTYLBNE 

DIISOBUTYZAMINE 

DODECYLMETKACRYLATE 

DIETHYL  CARBONATE 

DIETHYL  KETONE 

1 . 1- DIFLUOROETHANE 
DIHEPTYL  PRTHALATE 
DII80N0NYL  PHTHALATE 

2.2- DIMETHyL  OCTANOIC  ACID 
DI-n-PROPYZAMINE 
DICYCLOPEMTADIENE 
DIMETHYL  SULFIDE 

4 , 4-OZCHLORO-al-TRICHLOROMBTHYLBENZ YKDRO 
OIUNDECYL  PHTHALATE 
ETHYL  ACRYLATE 
n-ETHYL-n-BDTYIAMINE 
ETHYL  BUTYRATE 
n-BTHYL  CYCLQHEXYLAMINE 
ETHYL  CHLORIDE 
ETHYL  CYCLOHEXANE 
ETHYLENE  OLYCOL  DIETHYL  ETHER 
ETHYL  ETHER 
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TABLE  B-15.  Flaaaabl*,  Highly  Flammabl*,  con'd 


ETHYL  FOBKATE 
ETHYL  MERCAPTAN 
ETHYLIOENENORBORNENE 
ETHYL  ACETATE 
ETHYLBENZENE 
ETHANE 

ETHYL  METHACRYLATE 
ETHYL  NITRITE 

GASOLINE  BLENDING  STOCKS:  ALKYLATES 
GASOLINE:  AUTOMOTIVE  (4.23G  Pb/GAL) 
GASOLINE:  AVIATION  (4.86G  Pb/GAL) 
GASOLINE:  CASINGHEAD 
GAS  OIL:  CRACKED 
GASOLINE:  POLYMER 

GASOLINE  BLENDING  STOCKS:  REFORMATES 

GASOLINE:  STRAIGHT  RUN 

n-HEXALDEHYDE 

HYDROGEN  SULFIDE 

HEPTANOIC  ACID 

HEXAMETHYLENEIMINE 

HEPTANE 

1- HEPTENE 
HEXANE 

1 

HYDROGEN,  LIQUIFIED 

ISOPROPYL  ACETATE 

ISOAMYL  ACETATE 

ISOBUTYL  ACETATE 

ISOBUTYLENE 

ISOBUTYRONITRILE 

ISOBUTANE 

ISOHEXANE 

ISOOCTALDEHYDE 

ISOOCTANE 

ISOPROPYL  ETHER 

ISOPRENE 

ISOPENTANE 

ISOPROPYL  CYLCOKEXANE 
ISOVALERALOEHYDE 
JET  FUEL:  JP-4 
LIQUIFIED  PETROLEUM  GAS 
METHYLACRYLATE 

METHYL  ACETYLENE,  PROPADIENE  MIXTURE 
METHYL-t-BUTYL  ETHER 
METHYL  -n-BUTYL  KETONE 
METKALLYL  CHLORIDE 
METHYLCYCLOPENTANE 
2*NETHYL-6-ETHYL  ANILINE 
METHYL  I80BUTYL  KETONE 
METHYL  METHACRYLATE 

2- METHYL  PENTENE 
MESITYL  OXIDE 
METHANE 
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TABUS  B-15.  Flaanabltt,  Highly  Flaaaabl*,  con'd 


MOKAME 

NEOHEXANE 

1-NONENE 

NONENE 

1- NZTROPROPANE 

2- NITROPROPANE 
NAPTHA:VM  &  P  (75%  NAPTHA) 
OCTANE 

OIL,  mSC:  COAL  TAR 
OIL:  CRUDE 
1-OCTENE 

n-PROPYL  ACETATE 

1.3- PENTAOZENE 

1.4- PENTAOZENE 
n-PROPYL  MERCAPTAN 
n-PENTANE 
1-PENTENE 
PETROLEUM  NAPHTHA 
STYRENE 
TRZETHYLAMZNE 
TOLUENE 
TURPENTINE 
n-VALERALDEHYDE 
VINYL  ACETATE 
VINYL  CHLORIDE 
VINYL  ETHYL  ETHER 
VINYL  FLUORIDE 
VINYL  METHYL  ETHER 
B-XYLENE 
O-XYLENE 
p-XYLENE 
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TABLE  B>16.  Non-Toxlc,  Slightly  Toxic,  Noncoabustiblo, 
COBbiistibl* 


n-AKYL  ALCOHOL 
■•c-ANYL  ACETATE 
ACETYLENE 
ACETOPHENONE 
AOIPONITRILE 
n-AMYL  METHYL  KETONE 
n-AMYL  ACETATE 
n-AMYL  CHLORIDE 
ANILINE 
n-AMYL  NITRATE 
ASPHALT 
ACETYL  ACETONE 
AMYL  PHTHALATE 
tort-AMYL  ACETATE 
BENZYL  ALCOHOL 
BDTADIENE 

i*O-B0TYL  METHACRYLATE 
n-BDTYL  METHACRYLATE 
n-BDTYL  ACRYLATE 
BUTYLENE 

p-tort-BOTYLPHENOL 
BUTYL  BUTYRATE 
BUTANE 

t«rt-BUTYL  ACETATE 
BENZALDERYDE 
BENZONITRILE 
CARENE 

CYCLOHEXANONE 
CREOSOTE,  COAL  TAR 
CYCLOHEXANONE  PEROXIDE 
CYCLOHEXANE 
COLLODION 

CUMENE  HYDROPEROXIDE 
P-CYMENE 

COPPER  NAPTHENATE(IC)  COPPER ( II )NAPTH 

CAMPHOR  OIL 

CYCLOPROPANE 

CHLOROPRENE 

CRES0L8 

P-CRESOL 

CUMENE 

CYCLOHBXENE 

CYCLOPENTANE 

n-OECALOEHYDE 

n-DECYL  ALCOHOL 

DI-n-AMYL  PHTHALATE 

n-DECYL  ACRYLATE 

OZ-n-BUTYLAMZNE 

DIISOBUTYLCARBINOL 

DX-n-BUTYL  KETONE 

DZISOBUTYLENS 

DIBENZYL  ETHER 

DECABORANE 


TABLE  B-16.  Non^Toxic,  Slightly  Toxic,  Noncoabustiblo, 
COBbustiblo,  con'd. 


DZBOTYLPHENOL 

n-OECYLBENZENE 

l.OECEME 

DODECYLBENZENE 

1- DODECEHE 
DODECANOL 
DIETHYLBENZENE 
DIETHYL  KETONE 

DIETHYLENE  GLYCOL  MONOBUTYL  ETHER  ACETAT 

DI-(2-ETHYLHEXYL) PHOSPHORIC  ACID 

DISTILLATES:  FLASHED  FEED  STOCKS 

DECAHYDRONAPHTHALENE 

DIISODECYL  PHTHALATE 

DIISOBOTYL  KETONE 

DIISOOCTYL  PHTHALATE 

DIISOBOTYL  PHTHALATE 

DIMETHYLPOLYSILOXANE 

DIMETHYLPOLYSILOXANE 

DIOCTYL  ADIPATE 

DODECENE 

DIOCTYL  PHTHALATE 
DIBOTYL  PHTHALATE 
DIPENTENE 

DISTILLATES:  STRAIGHT  RUN 
ETHYL  ACETOACETATE 

2- ETHYLHEXYL  ACRYLATE 
ETHYL  BUTYRATE 
ETHYL  BUTANOL 

ETHYL  CYCLOHEXANE 
ETHYLREXALOEHYDE 
ETHOXYDIHYDROPYRAN 
ETHYLHEXYL  TALLATE 
2-ETHYL  HEXANOL 

ETHYLENE  GLYCOL  MONOBUTYL  ETHER  ACETATE 

ETHOXYLATED  DODECANOL 

ETHOXYLATED  PENTADECANOL 

ETHOXYLATED  TETRADECANOL 

2-ETHYL-3-PROPYLACROLEIN 

ETHYL  ACETATE 

ETHOXYLATED  TRIDECANOL 

ETHYL  TOLUENE 

ETHANE 

ETHYL  METHACRYLATE 
EPOXIDZZED  VEGETABLE  OILS 
GASOLINE  BLENDING  STOCKS:  ALKYLATES 
GASOLZME:  AUTOMOTIVE  (4.23G  Pb/GAL) 
GASOLlMSt  AVZATZON  (4.S6G  Pb/GAL) 
GASOLZME:  CASZMGBSAD 
GAS  OIL:  CRACKED 
GASOLZME:  POLYMER 

GASOLZME  BLEMDZMG  STOCKS:  REFORMATES 
GASOLZME:  STRAZGHT  RON 
REPTAMOZC  ACZD 


TABLE  B*16.  Mon-‘Toxic»  Slightly  Toxic ^  Moncoxbus'tibl* , 
Coabustlblo,  con*d. 


HEPTANE 

I'HEPTENE 

HEPTANOL 

HEXANE 

1- HEXENE 
HEXANOL 

HYDROGEN,  LIQUIFIED 
ISOAMYL  ALCOHOL 
ISOPROPYL  ACETATE 
ISODECYL  ACRYLATE 
ISOAMYL  ACETATE 
ISOBOTYL  ACETATE 
ISOBUTYLENE 
ISOBUTANE 
ISODECALDERYDE 
ISOREXANE 
ISOOCTYL  ALCOHOL 
ISOOCTALDEHYOE 
ZSOOCTAME 

ISOPHORONE  DIISOCYANATE 
ISOPHORONE 
ISOPHORONE  DIAMINE 
ISOPENTANE 

ISOPROPYL  CYLCOHEXANE 

ISODECYL  ALCOHOL 

JET  FUEL:  JP-4 

JET  FUEL:  JP-1  (KEROSENE) 

JET  FUEL:  JP-3 

JET  FUEL:  JP-5  (KEROSENE,  HEAVY) 
KEROSENE 

LINEAR  ALCOHOLS  (12-15  CARBONS) 
LIQUIFIED  PETROLEUM  GAS 
LAUROYL  PEROXIDE 
LAURYL  MERCAPTAN 
METHYL  AMYL  ALCOHOL 
METHYL  AMYL  ACETATE 
METHYLACRYLATE 
n-METHYLANILINE 

METHYL  ACETYLENE,  PROPADIENE  MIXTURE 
METBYLCYCLOPENTANE 

2- METRyL-5-ETHYLPRYIDINX 
METHYL  ISOBOTYL  CARBINOL 
METHYL  METHACRYLATE 
METHYL  NAPHTHALENE 
MINERAL  SPIRITS 
2-MBTHYL  PSMTENE 
METHYL  STYRENE,  ALPHA 
NETHAMB 

MAPTHAtOOAL  TAR 
NEOHBXANE 
I-MONIMS 
MOKANOL 

NOHYL  PHENOL  R-ST 


TABLE  B-16.  Mon-Toxic,  Slightly  Toxic,  Noncoabustibl* , 
Coxbustiblo,  con*d. 


NONENE 

llAPTBAtSTODOAlU)  SOLVENT 
NAPTHA: SOLVENT 
NAPHTHENIC  ACID 
NAPTHA:VM  &  P  (75%  NAPTHA) 

NITROGEN,  LIQOIFIED 
OCTANE 

OIL,  MISC:  ABSORPTION 
OIL,  EDIBLE:  CASTOR 
OIL,  EDIBLE:  COCONUT 
OIL:  CLARIFIED 

OIL,  MISC:  CASHEW  NUT  SHELL  (UNTREATED) 

OIL,  MISC:  CROTON 

OIL,  EDIBLE:  COTTONSEED 

OIL,  MISC:  COAL  TAR 

OIL:  DIESEL 

OCTYL  EPOXY  TALLATE 

OIL,  FUEL:  NO.  4 

OIL,  EDIBLE:  FISH 

OIL,  FUEL:  NO.  5 

OIL:  CRUDE 

OLEIC  ACID 

OIL,  MISC:  LUBRICATING 

OIL,  EDIBLE:  ZARD 

OIL,  MISC:  LINSEED 

OIL,  MISC:  MINERAL 

OIL,  RISC:  MINERAL  SEAL 

OIL,  MISC:  MOTOR 

OIL,  MISC:  NEATSFOOT 

OIL,  FUEL:  NO.  1-D 

OIL,  EDIBLE:  OLIVE 

OIL,  FUEL:  NO.  1  (KEROSENE) 

OIL,  EDIBLE:  PAUf 
OIL,  EDIBLE:  PEANUT 
OIL,  MISC:  PENETRATINC 
OIL,  MISC:  ROAD 
OIL,  MISC:  RANGE 
OIL,  MISC:  ROSIN 
OIL,  RISC:  RESIN 
OIL,  EDIBLE:  SOYA  BEAN 
OIL,  MISC:  SPINDLE 
OIL,  EDIBLE:  SAFFLOWER 
OIL,  RISC:  SPERM 
OIL,  FUEL:  NO.  6 
OIL,  MISC:  SPRAY 
OCTANOL 

OIL,  MISC:  TURBINE 
OIL,  EDIBLE:  TUCUM 
OIL,  FUEL:  NO.  2-D 
l-OCTENB 


OIL,  RISC:  TRANSFORMER 
OIL,  MXSC:  TALL 
OIL,  MISC:  TANNER'S 


TABLE  B-16.  Mon-Toxic,  Slightly  Toxic,  Noncoabustiblo, 
Coabustiblo,  con*d. 


OIL,  FUEL:  NO.  2 

OIL,  EDIBLE:  VEGETABLE 

PENTADECANOL 

1.3- FEIlTADIEME 

1.4- PENTAOIENE 
POLYPROPyLEME  GLYCOL 
POLYBOTENE 
n-PENTANE 
PETROLATOM 
PETROLEUM  NAPHTHA 
PROPYLENE  TETRAMER 
STEARIC  ACID 
TRIMETHYLACETIC  ACID 
TETRADECYLBENZENE 
1-TRIDECENE 
TRIDECANOL 
TRIETHYLBENZENE 
TALLOW  PATTY  ALCOHOL 
TETRAHYDRONAPHTHALENE 
O'TOLUIDINE 

TALLOW 

TURPENTINE 

l-TETRADECENE 

TETRADECANOL 

n-UNDECYLBENZENE 

I'UNDECENE 

UNDECANOL 

VINYL  TOLUENE 

WAX:  CARNAUBA 

WAX:  PARAFFIN 

■•XYLENE 

O-XYLENE 

p-XYLENE 

XYLENOL 


r 
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PART  II 

I.  laisicmisTics  md  mbcuiisks  or  vipor  suppRissxaa  or  form 

UTROOUCTin 

In  recent  years  the  federal  govemnent  has  promilgated  regulations  which 
designate  responsibility  for  responses  to  spills  of  hazardous  cheaicals.  The 
U.S.  Coast  Guard  has  been  delegated  the  responsibility  for  responses  to  spills 
of  hazardous  chemicals  affecting  navigable  waterways.  One  major  concern 
associated  with  the  release  of  hazardous  chemicals  is  the  production  of  vapors 
which  could  adversely  affect  the  population  or  the  environment.  The  hazards  can 
stem  from  vapors  which  are  toxic  or  flammable.  Proa  previous  investigation,  the 
most  plausible  response  method  for  the  mitigation  of  hazardous  vapors  is  the 
application  of  an  aqueous  foam. 

Current  response  methods  arc  not  well  formulated  to  cover  the  myriad  of 
potential  hazards  and  behaviors  which  may  be  encountered  by  spill  response 
personnel.  The  development  of  an  updated  response  manual  is  needed  to  inform 
response  personnel  of  new  response  technologies.  To  assist  in  predicting  foam 
behavior  for  the  response  manual,  a  mathematical  analysis  of  the  vapor- 
suppression  mechanisms  is  being  conducted  in  an  attempt  to  predict  the  effi¬ 
ciency  of  vapor  suppression  by  foam.  Pertinent  information  hoped  to  be  obtained 
from  such  an  analysis  includes  thickness  of  foam  needed  to  reduce  vapor 
concentration  below  the  lower  explosive  level  and  reapplication  time. 

BRCKCROUND 

Aqueous  foams  have  been  a  source  of  interest  for  centuries  and  have  been 
studied  scientifically  since  the  17th  century.  Examples  of  aqueous  foams  can 
be  found  everywhere.  In  nature,  several  insects  protect  themselves  during  the 
pupa  stage  by  enveloping  their  bodies  in  a  secreted  foam  which  later  hardens. 
Natural  waters  have  the  ability  to  foam  with  the  proper  agitation.  The  head  of 
beer  is  an  aqueous  foam  caused  by  the  entrainment  of  carbon  dioxide. 
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Foaas  arc  an  agglosaration  of  air  and  watar  with  a  aull  aaount  of  impurity. 
Typical  foams  are  95  percent  air  and  5  percent  water.  An  impurity  in  these 
solutions  causes  them  to  foam.  Because  of  the  chemical  nature  of  the  impurity, 
it  has  the  ability  to  lower  the  surface  tension  of  the  water  to  accommodate  the 
large  surface  area  of  foams.  Impurities  with  the  ability  to  lower  surface  ten¬ 
sions  are  called  surfactants  or  surface-actiwe  agents. 

Early  scientific  investigation  of  foams  was  on  the  actual  mechanism  of 
foaming.  The  interest  was  on  the  intermolecular  interactions  which  resulted  in 
the  lowering  of  the  surface  tension.  More  recent  studies  focused  on  engineered 
foams  to  accomplish  specified  tasks.  Some  of  these  applications  are  industrial 
separation  processes,  secondary  oil  recovery,  fire  fighting,  and,  more  recently, 
vapor  suppression  of  hazardous  materials. 

Early  investigations  of  foams  have  given  explanations  for  the  stability  of 
these  highly  energetic  systems.  Foams  must  overcome  the  destructive  forces  of 
surface  tension  to  maintain  their  large  interfacial  surface  areas.  This  is 
accomplished  by  the  lowering  of  the  surface  tension. 

The  mechanism  of  the  surface-active  agents  lowering  surface  tension  is  depen¬ 
dent  on  solubility  differences  in  the  surfactant  chain.  Surfactant  molecules, 
usually  alcohols  or  polymers,  are  made  up  of  two  chemical  groups  which  differ 
greatly  in  their  solubility  in  water.  The  hydrophilic  group  is  very  soluble  in 
water  and  is  typically  OH,  C02Na,  or  SO3K.  The  highly  insoluble,  or  hydropho¬ 
bic,  group  is  a  long  hydrocarbon  chain.  The  surfactant's  surface  activity  is 
dependant  on  its  solubility  and  length. 
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Surfactant  aolaculai  orient  thcaaelves  in  a  particular  fashion  in  the  bubble 
wall.  The  hydrophilic  group  has  affinity  for  the  water  and  is  subaerged  in 
the  bubble  wall  or  laaellae.  The  hydrophobic  group  prefers  the  air-water  inter¬ 
face,  and  probably  a  portion  of  the  hydrocarbon  chain  is  located  in  the  internal 
gas  of  the  bubble.  This  position  of  the  surfactant  nolecule  is  aore  energeti¬ 
cally  favorable  than  that  of  water  aolecules,  and  consequently  the  surface  ten¬ 
sion  is  lowered. 

Foaas  are,  in  general,  unstable.  They  begin  to  collapse  as  soon  as  they  are 
generated.  Foaa  collapse  can  be  accounted  for  by  two  aechanisas.  The  first 
aechanisa  is  foaa  drainage.  Gravitational  effects  cause  excess  water  froa  the 
foaa  to  drain  through  a  systea  of  interconnected  laaellae  called  Plateau  borders, 
which  were  naaed  after  the  19th  century  physicist  who  first  discovered  thea. 
Plateau  borders  are  always  the  product  of  the  intersection  of  three  bubbles. 

This  drainage  causes  instability  because  the  laaellae  are  thinned  to  the  point 
where  they  can  be  easily  ruptured  by  vibrations,  by  disturbances  froa  diffusing 
cheaicals,  or  because  the  laaellae  have  thinned  beyond  the  physical  liaitations 
of  the  systea.  Natheaatical  atteapts  to  predict  foaa  drainage  were  successful 
when  aodeled  as  the  drainage  of  liquid  between  two  parallel  plates.  Equation  1 
is  an  exaaple  of  a  two-paraaeter  drainage  equation. 

B  «  a  (bt  ♦  i)-1-667  (1) 

This  expression  is  representative  of  drainage  characteristics  of  siaple  foaa 
solutions  that  drain  quickly.  However,  they  are  not  applicable  to  the  aodern- 
day  engineered  foaas  that  contain  additives  to  extend  foaa  life.  In  this  case, 
drainage  equatimts  would  have  to  predict  the  equilibriua  between  interaolecular 
forces  and  the  effects  of  gravity  and  viscosity.  Presently,  no  equations  of 
this  type  are  available. 
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Th«  s«cond  Mchanisa  of  foaa  collapso  is  caustd  by  the  diffusion  of  air 
batwaan  adjacant  bubblas.  Tha  intamal  prassura  of  a  bxibbla  is  invarsaly  pro¬ 
portional  to  tha  bubbla  radius.  Saallar  bubblas  hava  highar  prassuras  than 
largar  onas.  Ganaratad  foaas  hava  a  nomal  distribution  of  bubbla  sizas. 
Prassura  diffarancas  batwaan  adjacant  bubblas  craata  a  driving  forca  for  the 
diffusion  of  gas  batwaan  bubblas  in  an  attaapt  to  equalize  their  pressures. 

As  tha  gas  froa  tha  saallar  bubbla  diffuses  to  tha  largar  bubbla,  tha  radius  of 
tha  saallar  bubbla  dacraasas  and  its  prassura  increases:  this  creates  a  larger 
driving  forca.  This  can  continue  until  tha  saallar  bubble  disappears.  The 
result  is  a  foaa  with  a  lowered  total  surface  area.  This  aachanisa  was  first 
proposed  by  da  Vries  (19S7)  and  later  extensively  studied  by  Chang  and  Lealich 
(1985).  Tha  results  froa  their  studies  are  a  collection  of  theoretical 
aquations  for  predicting  changes  with  tiaa  in  tha  distribution  of  bubble  sizes. 

Foaa  lifatiaa  is  a  key  paraaatar  in  tha  davalopaant  of  anginaarad  foaa. 

Barly  studies  by  Marangoni  and  Gibbs  identified  a  aachanisa  of  foaa  stability 
for  siapla  foaas  (Bikaraan,  1973).  These  siapla  foaas  are  water  and  a  snail 
anount  of  surface  active  agents  agitated  to  entrain  air.  As  tha  bubblas 
stretch,  tha  concentration  of  surface-active  agents  dacraasas  and  thus  causes  an 
increase  in  tha  surface  tension.  With  an  increase  in  tha  surface  tension,  tha 
bubbla  wall  will  try  to  contract,  niis  will  oppose  tha  initial  stretching. 
Shortly  after  tha  bubbla  wall  contracts,  surfactant  nolacules  will  diffuse  to 
tha  newly  contracted  fila  because  of  tha  lowered  coKantration  due  to  tha 
initial  stretch.  As  tha  concentration  of  surface-active  agents  increases,  tha 
surface  tension  dacraasas  and  tha  fila  equilibrates. 
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Studies  by  BiksrBsn  (1973)  identified  thet  edditives  cen  aid  in  foan 
stability.  These  additives  have  the  ability  to  increase  the  surface  and  bulk 
viscosity  which  slows  drainage.  These  additives  nay  also  interfere  with  steric 
forces  to  prolong  foan  life.  Additives  range  fron  proteins  to  netal  stearates. 
Althou^  the  factors  of  foan  stability  are  generally  known,  no  quantitative 
relationship  exists  that  correlates  the  effects  of  additives  to  foan  lifetinc. 
Modern-day  foans  have  taken  advantage  of  the  qualitative  work  done  by  Bikernan 
and  others  to  engineer  foans  which  are  very  persistent. 

VAPOR  SUPPRESSION 

In  the  1970's.  it  was  noticed  that  foans  used  for  fire  fighting  when  applied 
to  a  volatile  chenical  could  suppress  vapors.  With  the  increase  of  concern  for 
developing  response  techniques  for  responsible  federal  agencies,  vapor-suppres¬ 
sion  capabilities  of  foans  have  becone  an  area  of  increased  interest.  Early 
studies  (Moran,  et  al,  1971;  Priel,  1973;  Greer,  1976;  and  others)  were  con¬ 
cerned  with  the  feasibility  of  using  foan  for  the  suppression  of  vapor.  Later, 
studies  atteq>ted  to  identify  the  variables  that  are  pertinent  for  the 
suppression  (Gross  and  Riltz,  1982). 

To  understand  the  nechanisns  of  vapor  suppression,  one  nust  begin  with  the 
structure  of  the  foan.  Poan  applied  to  the  surface  of  a  vaporizing  chenical 
offers  a  nediun  leas  favorable  for  diffusion  than  air.  The  foan  forns  a  barrier 
with  a  high  resistance  to  both  convective  and  nolecular  diffusion  as  well  as  an 
ability  to  absorb  vapors.  Collectively,  this  results  in  a  reduction  in  the 
cwicentration  of  the  diffusing  conponent  in  the  vapor  space  above  the  foan. 
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Two  of  th«  Boit  important  variables  related  to  the  efficiency  of  vapor 
suppression  are  the  vapor  pressure  and  the  solubility  in  water  of  the 
vaporizing  chezical.  Vapor  pressure  is  important  because  it  is  a  zeasure  of  the 
amount  of  vapor  to  be  suppressed  by  the  foam.  Mater  solubility  is  important 
because  in  early  foam  life  the  bubble  walls  are  approximately  95  percent  water. 
It  is  proposed,  on  the  basis  of  similar  situations  of  diffusion  of  gas  into 
bubbles,  that  the  controlling  step  in  the  suppression  of  vapor  is  the  diffusion 
of  the  gas  through  the  bubble  wall.  For  convenience,  chemicals  will  be  divided 
into  two  categories  -  soluble  and  insoluble  in  water. 

The  characteristics  of  insoluble  chemicals  will  be  discussed  first.  In 
early  foam  life,  the  primary  barrier  to  gas  permeation  is  the  foam  lamellae 
which  are  predominately  water.  The  ability  of  gas  to  permeate  is  proportional 
to  the  product  of  its  solubility  and  diffusivity  in  the  lamellae.  Foam  con¬ 
centrates  are  generally  proportioned  with  water  between  2  and  10  percent  to  pro¬ 
duce  foam.  The  concentrates  are  typically  made  up  of  around  40  percent  organic 
solvents  and  around  40  percent  surface-active  agents.  The  organic  solvents  are 
usually  glycol  ethers,  such  as  butyl  ethoxy  ethanol.  The  surface-active  agents 
can  be  any  of  many  chemicals,  which  include  sodium  laryl  sulfonates,  proteins, 
or  synthetic  fluorinated  hydrocarbons.  The  remaining  20  percent  of  the  foam 
concentrate  consists  of  a  variety  of  additives  for  foam  stability,  foam  protec¬ 
tion,  and  optically  determining  foam  concentration,  is  the  foam  drains  (drain¬ 
age  is  proposed  to  be  mostly  water),  the  concentration  of  the  surface-active 
agents  and  solvents  increases.  This  results  in  a  mixture  which  is  more  favor¬ 
able  for  permeation.  The  greatest  resistance  to  diffusion  is  offered  at  the 
chemical/foam  interface  because  the  foam  there  is  the  last  to  drain  to  the  more 
desirable  concentration  for  diffusim.  Therefore,  a  semi-permeable  barrier  is 
produced.  The  persistence  of  this  barrier  is  proportional  to  the  drainage  rate 
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For  cheaicals  which  ara  soluble  in  water,  foaa  behavior  is  such  the  saae  as 
above.  The  only  two  differences  are  that  the  cheaical  is  aore  peraeable  through 
the  laaellea  during  early  foaa  life  and  the  physical  characteristics  of  soluble 
cheaicals  aay  affect  the  stabilizing  forces  in  the  foaa. 

Another  iaportant  factor  in  deteraining  the  efficiency  of  vapor  suppression 
is  the  coapatibillty  of  the  foaa  and  the  cheaical.  A  previous  study  (Gross  and 
Hiltz,  1982)  indicates  that  cheaicals  which  can  cause  shifts  in  the  pH  of  the 
foaa  or  which  have  the  ability  to  fora  hydrogen  bonds  with  water  degrade  foaa. 
Foaas  cannot  tolerate  large  changes  in  pH.  Manufacturers'  specifications  will 
indicate  the  range  of  pH  suitable  for  use.  Cheaicals  which  are  able  to  fora 
hydrogen  bonds  degrade  foaa  by  actually  reaoving  water  froa  the  bubble  wall  or 
interfering  with  stabilizing  forces  in  the  bubble  wall  and  thus  cause  the  foaa 
to  collapse.  An  exaaple  of  this  type  of  behavior  is  offered  in  a  MSA  report 
(Gross  and  Hiltz,  1982).  Triethylaaine ,  which  collapsed  11  of  16  foaas  applied 
for  vapor  suppression,  has  the  ability  to  fora  strong  hydrogen  bonds  with  water. 

Foaa  aanufacturers  have  engineered  foaas  applicable  to  cheaicals  which  fora 
hydrogen  bonds  or  are  polar  (dielectric  constants  greater  than  2.5).  These  are 
referred  to  as  alcohol  type  foaas  (AIF).  They  consist  of  a  fluorocarbon,  regu¬ 
lar  protein,  or  fluoroprotein  surface  active  agents  with  aetal  stearate  addi¬ 
tives  for  foaa  stability.  One  foaa  concentrate  known  as  ATF/AFFF  has  a  polysac¬ 
charide  additive  which  foras  a  polyaeric  aeabrane  between  the  cheaical  and  foaa. 
The  draining  water  froa  this  foaa  is  rich  in  the  polysaccharide  additive.  Since 
the  diffusing  cheaical  has  an  affinity  for  water,  the  water  is  reaoved,  and  a 
polyaeric  aeabrane  is  left  to  protect  the  foaa  froa  the  destructive  action  of 
the  cheaical  (DiNaio  and  Noraan,  1986). 
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To  address  the  problsa  of  pB  changes,  special  ei^ineered  foans  have  been 
developed  idiich  are  applicable  to  acidic  or  alkali  chenicals.  These  foans 
have  the  ability  to  tolerate  a  wide  band  of  pH  on  either  the  acidic  or  alkaline 
end  of  the  pH  scale,  depending  on  the  foaa  concentrate  considered.  These  foans 
have  been  developed  for  the  suppression  of  vapor  and  are  not  applicable  for 
extinguishing  fires. 

The  quality  of  the  foan  is  also  inportant  in  the  efficiency  of  the  vapor 
suppression.  The  quality  of  foan  refers  to  the  distribution  of  bubble  sizes 
and  the  nixing  of  the  foan  concentrate  with  the  water.  Foans  with  a  broad 
distribution  of  bubble  sizes  are  less  stable.  The  reason  for  this  stens  fron 
considerations  of  foan  collapse  by  Cheng  and  Lenlich  (1985)  discussed  in  the 
background  section.  Because  of  the  diffusion  of  gas  between  bubbles  to  equalize 
internal  pressures,  larger  bubbles  cannibalize  snaller  bubbles  and  therefore 
reduce  the  interfacial  area  of  the  foan.  Since  the  interfacial  area  offers  the 
resistance  for  diffusion  of  gas  through  the  foaa,  the  resistance  is  lowered. 

Foan  is  generated  with  regular  fire-fighting  equipaent  with  special  air 
aspiration  nozzles  or  foaa  generating  equipaent.  For  good  quality  foan,  the 
foan  concentrate  and  the  water  need  to  be  nixed  to  fora  a  honogeneous  solution. 
If  this  is  not  accomplished,  the  resulting  foaa  will  have  a  poor  bubble 
distribution  idiich  will  affect  the  efficiency  of  the  vapor  suppression. 

Foans  also  have  the  ability  to  insulate  a  spilled  cheaical  fron  solar 
radiation  or  cmvective  heat  transfer  fron  the  anbient  air .  A?  a  chenical 
vaporizes,  the  teaperature  of  the  cheaical  pool  is  lowered  adiabatically.  This 
results  in  a  reduction  of  vaporization.  If  the  spill  is  on  land,  the  ground 
will  initially  serve  as  a  heat  source. 
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Th*  ground  will  quickly  cool  as  the  tawparatura  of  tha  chawical  pool  dacraasas 
and  than  aid  in  insulating  tha  pool  against  tha  addition  of  haat  fro*  tha 
ground.  Vith  tha  application  of  foan,  tha  pool  is  furthar  insulated  by  blocking 
solar  radiation  and  convactiva  haat  transfar  froa  tha  surroundings.  Consa- 
quantly  vaporization  is  raducad.  For  chaaicals  that  float  on  tha  vatar  surface, 
tha  watar  body  will  ba  a  haat  sourca  dua  to  a  constant  ranawal  of  warn  water  at 
tha  cheaical/watar  intarfaca.  This  is  not  nacassarily  trua  for  cryogan,  which 
■ay  form  an  ica  layer  at  the  chaaical/water  intarfaca,  which  will  aid  in  insu¬ 
lating  tha  chaaical  pool.  Tha  probability  of  this  happening  is  related  to  the 
spill  size.  If  tha  spill  voluaa  is  large  enough  for  tha  pool  to  persist  for  an 
extended  period  of  tiaa,  the  ica  layer  aay  fora. 

MATHEMATICAL  TREATMENT 

In  an  attaapt  to  aathaaatically  predict  tha  efficiency  of  vapor  suppression 
by  foaa,  one  aust  ba  able  to  account  for  a  nuabar  of  coaplax  interaolecular 
phanoaana.  Tha  interaolecular  phanoaana  include  tha  aquilibriua  of  staric 
forces  to  account  for  foaa  drainage  and  the  paraaability  of  the  diffusing  cheai- 
cal  through  a  laaallaa  vith  a  changing  coaposition.  Tharaodynaaic  treataent  of 
a  foaa/cheaical  systaa  requires  definitive  inforaation  about  the  coaposition  of 
tha  foaa  concentrate.  Tharaodynaaic  relationships  attaapt  to  account  for  physi¬ 
cal  interaction  forces  between  aolaculas  which  constitute  tha  solution  to  pre¬ 
dict  tharaodynaaic  properties.  For  this  reason,  tha  specific  functional  groups 
which  constitute  tha  chaaicals  present  in  the  solution  need  to  ba  known.  To 
data,  only  one  foaa  aanufacturer  has  a)q;>rassad  a  willingness  to  cooperate  in  an 
exchange  of  inforaation  about  the  foaa  concentrate  aakaup. 
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Presently,  there  are  no  foam  drainage  equations  which  can  account  for 
drainage  froa  engineered  fire-fighting  or  vapor-suppression  foaas.  To  account 
for  drainage  from  these  foams,  a  polynomial  or  exponential  equation  will  have  to 
be  fitted  for  the  drainage  characteristics  of  the  foam  under  investigation. 

This  will  enable  estimations  to  be  made  on  the  composition  of  the  lamellae  in 
the  foam.  It  is  these  lamellae  which  offer  the  resistance  to  permeation  of  gas 
through  the  foam. 

Lag  Tine 

Besults  from  MSA's  report  (Gross  and  Hiltz,  1982)  on  the  feasibility  of 
foam  as  a  vapor  suppressant  support  the  concept  that  a  lag  or  dead  tine  was 
present  during  initial  foam  suppression  (Sec  Figure  1).  This  lag  tine  was 
especially  evident  for  high-expansion  foams.  It  is  proposed  that  the  water 
draining  from  the  foam  was  responsible  for  lag  times.  The  proposed  mechanism 
is  that  the  draining  water  actually  washed  the  diffusing  vapor  down  to  the  bot¬ 
tom  of  the  foam,  hindering  the  migration  of  vapor  through  the  foam. 

An  attempt  was  made  to  verify  the  proposed  mechanism  by  using  a  calcula- 
tional  scheme  to  predict  the  lag  time.  The  equations  for  foam  drainage  are 
valid  for  fast-draining  foams.  From  Eq.  1,  a  volumetric  flow  rate  can  be  calcu¬ 
lated  for  the  draining  of  water  from  the  foam.  A  velocity  component  for  the 
water,  can  be  obtained  since  the  area  of  the  foam  and  the  expansion  ratio 
are  known. 

A  velocity  component  for  the  vaporizing  chemical,  Vg^  is  needed.  This  can 
be  accomplished  from  a  correlation  supplied  by  Natsak  (1963)  for  chemicals  with 
boiling  points  near  or  above  room  temperature. 
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Figure  1.  High-expansion  foams  with  nonpolar  hydrocarbons 
(initial  foam  height  vas  20  in.) 
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Vaporization  rataa  from  this  aquation  ara  in  units  of  aass  araa-tina.  Froa 
tha  gaoaatry  of  tha  tast  containar,  tha  valocity  coaponant  for  the  vaporizing 
chaaical  can  ba  dataminad.  This  traataant  of  the  situation  is  siailar  to  that 
of  gas  absorption  in  agitated  tanks.  Tha  valocity  coaponents  are  suaaad  with 
the  water  velocity  coaponant  having  a  negative  sign  and  the  vapor  velocity 
coaponent  a  positive  sign.  The  suaaed  value  is  referred  to  as  a  slip  velocity 
and  is  a  aeasure  of  the  aagnitude  and  direction  of  the  bulk  fluid  (gas  or 
liquid)  action.  In  early  foaa  application,  the  slip  velocity  is  negative;  this 
reflects  that  the  vapor  has  been  washed  down  to  the  water/cheaical  interface. 

A  positive  slip  velocity  is  an  indication  that  tha  vapor  froa  the  cheaical  has 
begun  aigrating  through  the  foaa. 

Results  on  lag  tiaes  for  fast-draining  foaas  froa  this  aatheaatical  treat- 
aent  were  coapared  with  those  froa  tha  MSA  report  (Gross  and  Hiltz,  1982)  and 
were  found  to  ba  siailar.  For  slow-draining  foaas,  tha  drainage  equations  are 
no  longer  valid.  A  detailed  saaple  calculation  using  tha  aforeaentionad  aathe¬ 
aatical  traataant  is  given  in  Appendix  A. 

On  the  basis  of  the  results,  tha  calculational  scheaa  has  soae  aerit,  but 
when  tha  actual  aachanisas  tha  aquations  reflect  ara  considered,  the  proposed 
aechanisa  appears  questionable.  For  tha  axaapla  in  Appendix  A,  the  high- 
expansion  foaa  drains  around  70  cubic  cantiaatars  of  water.  Tha  voluaa  of  the 
vaporizing  chaaical  is  around  1500  cubic  cantiaatars.  It  saaas  unlikely  that 
this  aaount  of  water  could  wash  this  aaount  of  vapor.  However,  this  proposed 
aechanisa  of  vapor  is  analogous  to  flooding  in  countercurrent  aass  transfer 
operations  in  packed  towers. 
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In  th*  treatment  of  flooding,  mathematicel  correlations  involve  the  ratio  of 
the  gas  and  liquid  mass  flow  rates  per  hour  per  cross-sectional  area.  The 
following  ratio  becomes  the  ratio  of  interest  instead  of  the  ratio  of  the  vol¬ 
umes  of  gas  and  liquid: 

Cx  =  VjPl  (3) 

Gy  VgPg 

where  and  Gy  are  the  liquid  and  gas  mass  velocities,  respectively,  and  P]^ 
and  Pg  are  the  densities  of  liquid  and  gas,  respectively.  For  the  example 
given  in  Ippendix  A,  the  mass  velocity  ratio  is  1,271  after  1  minute  and  170 
after  10  minutes.  On  the  basis  of  these  considerations,  the  proposed  mechanism 
becomes  more  acceptable. 

Mass  Transport  Effects 

The  above  calculational  scheme  can  be  used  to  account  for  the  observed  lag 
tine  in  foam  vapor-suppression  tests.  The  next  step  is  to  construct  a  method  to 
account  for  the  transport  of  the  chemical  through  the  foam.  Since  the  con¬ 
trolling  step  for  the  transport  of  vapor  through  the  foam  is  the  diffusion  of 
gas  through  the  bubble  wall,  mathematical  expressions  are  needed  to  describe  the 
solubility  of  gas  in  the  bubble  wall.  As  stated  earlier  in  the  Vapor- 
Suppression  Section,  the  concentrations  of  the  bubble  wall  change  during 
drainage  to  a  composition  more  favorable  for  diffusion.  The  thickness  of  the 
bubble  walls  and  their  geometry  also  change  during  drainage.  In  early  foam 
life,  bubbles  are  spherical  and  the  bubble  walls  are  relatively  thick.  As  the 
foam  drains,  the  bubble  walls  thin  and  the  shape  of  the  bubbles  change  from 
spherical  to  polyhedral.  Together  the  lowering  in  the  concentration  of  water 
and  the  thinning  of  the  bubble  walls  create  a  system  which  is  favorable  for  mass 
transfer  of  the  chemical  through  the  foam. 
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Th«  proposed  aathsaatical  traatsant  of  tha  aachaniss  incorporatas  a  aathod 
outlined  by  Prausnitz  (1969).  Tha  systan  is  characterized  as  gas  solubility  in 
■ixad  solvents.  Henry's  law  states  that  tha  concentration  of  tha  solubilizing 
chanical  in  tha  liquid  phase  is  proportional  to  that  in  tha  gas  ^ase. 

■^i  *  ♦i  Yi  P  *  ^i, solvent  *i 

Tha  gas  phase  fugacity  coefficient.  #,  at  low  pressures  is  equal  to  unity. 


The  Henry  constant  for  the  sixture  can  be  calculated  fros  the  following 
equation  derived  by  O'Connell  and  Prausnitz  (1964): 


ln(H2,s)  *  I  Xi  ln(H2.j)  -  X  X  ^ij  Xi  yk 


(5) 


The  constant  a^j  can  be  calculated  fron  the  following  derived  equation  to 
account  for  polar  solvents: 

(vi  ♦  v^)  *  Xi  w/kT 

aij  »  _  (6) 

2  vj  ♦* 


where 


Xi  Vi 

^i  Vi 


(7) 


Vi  is  tha  liquid  aolar  voluna,  and  m  is  th'.i  interchange  energy,  which  will  be 
discussed  later.  The  liquid  solar  volune  can  be  estisated  by  a  sethod  given  in 
The  Properties  of  Cases  and  Liquid  (Beid  at  al.,  1977).  This  sethod  utilizes 
espirical  paraseters  based  on  the  structure  of  the  solecule. 


After  the  solubility  of  the  chesical  into  the  bubble  wall  is  detersined,  the 
diffusion  of  chesical  through  the  foes  can  be  calculated  by  the  equation 
cosaonly  used  for  sass-transfer  operations: 
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M  «  kx  a{xb  -  Xi)  (8) 

wh«r«  N  s  nuabar  of  aolti  of  chcaical  absorbed  by  unit  voluae  per  unit 
tiae 

kx  s  aass  transfer  coefficient 
a  s  interfacial  area 

X  s  concentration  of  the  diffusing  cheaical  in  the  bulk  solution  and 
at  the  interface 


The  aass-transfer  coefficient  can  be  calculated  froa  a  equation  derived  by 
Cheng  and  Lealich  (1985): 


P 


®2.a  Dr3.2 


3  D{l-D' 


(9) 


where  0r3,2  sauter-aean  bubble  radius,  D  is  the  diffusivity,  and  D'  is 

the  voluae  of  foaa  that  is  liquid.  This  equation  is  based  on  the  diffusion  of 
gas  between  bubbles.  The  result  froa  Bq.  9  is  in  units  of  centiaers  per  second. 
For  the  proper  units  for  a  aass-transfer  coefficient,  P  aust  be  aultiplied  by 
the  ratio  of  the  interfacial  area/aolecular  weight.  To  obtain  the  initial 
reduction  of  vapors,  the  interfacial  concentration  will  be  set  to  zero.  A 
detailed  outline  of  the  proposed  calculations!  scheae  is  given  in  Appendix  B. 


The  above  calculational  scheae  reduces  the  problea  to  a  single  overall 
resistance  due  to  the  application  of  foaa.  This  resistance  is  based  on  the  pro¬ 
posed  rate-cmitrolling  step  of  the  diffusion  of  vapor  through  the  bubble 
laaellae.  For  variances  over  tine,  the  calculational  scheae  will  take  advantage 
of  the  fitted  drainage  equation  to  account  for  the  drained  water  froa  the  foaa. 
If  the  voluae  drained  is  known,  a  new  expension  ratio  of  the  foaa  can  be  calcu¬ 
lated  froa  Bq.  9.  The  interfacial  cmcentratlon  in  Bq.  7,  which  is  initially 
assuaad  to  be  zero,  can  be  increased  over  the  foaa  life  to  account  for  the 
saturation  of  the  foaa  by  the  diffusing  gas. 
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An  attempt  to  account  for  the  foam  lifetime  (Seapplication  Time)  can  be  made 
by  using  results  from  de  Vries  (1957).  de  Vries  combined  the  classical  law  of 
Laplace  and  Young  with  a  form  of  Pick's  law  of  diffusion  to  yield  the  following 
equation: 

T  3  Pa  r2  (10) 

2  R7J  T 

where  Pa  =  surrotmding  pressure 
r  s  bubble  radius 
T  =  surface  tension 
J  »  1/P 

T  s  absolute  temperature 
R  s  the  gas  constant 

Eq.  10  estimates  the  lifetime  of  a  small  spherical  bubble  based  on  the  diffusion 
of  gas  between  bubbles.  As  the  vapor  from  the  chemical  spill  saturates  the 
foam,  Bq.  10  can  be  recalculated  to  yield  the  estimated  bubble  lifetime.  Also, 
from  the  drainage  equation,  the  concentrations  of  solvent,  surface  active  agents, 
and  water  will  change  over  time.  The  solubility  of  the  diffusing  gas  in  this 
mixture  can  be  adjusted  by  Kqs.  4  and  5  to  account  for  the  changing  com-,  jsition 
of  the  lamellae. 

As  presented,  the  calculational  scheme  treats  the  foam  layer  as  a  single 
bulk  phase  resistance.  This  method,  elthough  capable  of  providing  gross  esti¬ 
mates  of  vapor  flux,  may  provide  underestimates  of  the  active  quantity  of  dif¬ 
fusion  species.  Comparison  of  output  from  the  proposed  model  with  experimental 
data  will  yield  conclusions  concerning  the  tendency  of  this  method  to  under¬ 
estimate  flux. 

Two  methods  which  rely  mt  a  calculational  scheme  similar  to  the  proposed 
model  may  provide  closer  agreement  between  experimental  and  predicted  diffusion 
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ratts  of  tha  chaaical  tpaciaa.  Tha  firat  aathod  la  a  rigoroua  calculation  of 
tha  aarial  raaiatanca  praaant  in  tha  foaa  blankat.  Tha  firat  raaiatanca  ia 
viawad  aa  paraaation  through  or  acroaa  a  bubbla  wall,  aa  ia  currantly  daveloped 
in  tha  abova  propoaad  calculational  achaaa. 

Tha  sacond  raaiatanca  ia  tha  raaiatanca  to  aaaa  transfar  offered  by  tha  air 
contained  within  tha  bubbla.  Thia  raaiatanca  nay  ba  quantified  by  a  Pick's  law 
expression  for  unicoaponent  diffusion: 

N/A  =  D  p,  ln(l-y/l-yi)  (11) 

where  N/A  »  moles  transferred  area 

Pa  -  aolar  density  of  diffusion  species 
y^  3  interface  concentration 
y  *  predicted  concentration 

s  thickness  of  air  space  species  diffuses  across 
D  *  diffusivity 

Since  a  flux  known  froa  the  original  permeation  equations  and  y^  is  related 
to  this,  the  unknowns  froa  tha  proposed  schema  are  D,  p,,  and  Generally,  p, 
nay  be  found  or  estiaated,  and  many  diffusivitias  in  air  are  tabulated. 

Eq.  12  can  be  used  to  predict  air  diffusivity: 

0.01498  t1'*1  (l/M*  ♦  l/Ub) 

0  -  _  (12) 

P(Tca  ♦Vcb) 

Tha  quantity  B^  ia  related  to  bubbla  dianatar;  therefore  tha  thickness  of  air 
apace  that  raaiata  tranaport  is  known.  This  calculation  predicts  tha  concen¬ 
tration  of  diffusing  spacias  at  tha  inside  upper  surface  of  a  bubbla  available 
for  paraeation  into  tha  succeeding  layer  of  bubbles  abova  tha  first  layer. 
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The  third  resistance  is  that  offered  by  the  iqpper  bubble  wall  surface  and 
the  lower  surface  of  the  bubble  inediately  above  it.  If  concentration  effects 
due  to  drainage  are  ignored,  this  resistance  eay  be  quantified  as  approximately 
twice  that  predicted  for  the  lower  bubble  surface  adjacent  to  the  cheaical  foaa 
interface  (the  output  from  the  above  proposed  scheae).  Summation  of  this  series 
of  calculations  across  the  entire  foaa  layer  should  yield  a  closer  approximation 
of  the  flux  chemical  from  the  foams. 

This  rigorous  scheae  is  hindered  in  application  by  two  limitations.  First, 
the  rigorous  approach  will  require  thousands  of  successive  approximations  in 
predicting  flux  from  bubble  layer  to  bubble  layer.  If,  for  a  foam  layer  of  6 
in.  with  an  average  bubble  size  of  6  ya,  the  scheae  would  require  repetition  of 
the  calculations  approximately  2500  times.  Such  a  large  number  of  repetitions 
places  severe  constraints  on  the  usefulness  of  this  approach  from  a  con> 
putational  time  aspect.  Second,  the  result  fails  to  address  the  changing  con¬ 
centration  of  water,  solvent,  and  surfactants  in  successive  layers  of  bubbles. 
Since  each  successive  layer  offers  less  resistance  to  transport,  the  method  may 
provide  underestimates  of  the  flux  of  diffusions  species. 

Another  approach  which  may  prove  useful  is  division  of  the  foam  layer  into 
regimes.  Such  a  scheme  would  be  based  on  drainage  from  various  heights  or 
layers  of  the  foam.  This  method  might  segregate  the  foaa  into  four  regimes: 
dry,  semi-dry,  semi-vet,  and  vet.  The  identification  of  regimes  would  be  sub¬ 
jective  and  would  rely  on  drainage  calculations.  This  method  would  utilize  the 
proposed  calculational  scheae  and  modify  it  to  accommodate  the  changing  concen¬ 
trations  through  the  foam  matrix  by  estimating  bulk  regime  concentrations  based 
on  drainage  calculations.  This  approximation  reduces  computational  efforts  com¬ 
pared  to  a  rigorous  scheae  but  nay  introduce  errors  through  the  subjective 
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dettnination  of  foaa  ragiaas.  Furtharaora,  this  aathod  ignoras  the  resistance 
to  transport  offered  by  the  air  space  inside  a  bubble  idiich,  although  saall,  nay 
prove  significant  across  the  entire  foaa  depth. 

The  nain  linitation  of  the  proposed  calculations!  scheaes  is  that  the  cheai- 
cals  involved,  especially  the  surface  active  agents,  are  obscure,  and  a  coaplete 
list  of  physical  constants  is  needed  for  the  above  calculations.  For  sone  foaa 
concentrates,  the  identity  of  the  surface-active  agent  is  not  definitely  knotm. 
The  uncertainty  cones  fron  the  fact  that  the  surfactants  are  the  results  of  a 
coaplicated  cheaical  synthesis  which  has  not  been  coapletely  characterized. 
Unfortunately,  the  foaa  concentrates  which  seea  best  suited  for  vapor 
suppression  involve  these  surfactants. 

Additional  nodel  liaitatlons  on  a  theoretical  basis  exist  but  are  judged 
negligible.  For  exaaple,  to  deteraine  if  the  initial  peraeation  of  the  lover 
bubble  layer  occurs  in  the  liquid  or  vapor  phase  of  the  diffusing  species  is 
iapossible.  However,  on  the  basis  of  the  fact  that  vapor  diffusion  rates  are 
typically  higher  than  those  of  liquids  and  due  to  the  high  vapor  pressure  of 
nany  of  the  diffusing  species  exanined,  the  probable  case  is  gas  peraeation  of 
the  bubble  wall.  This  is  the  nechanisa  selected  for  nodeling.  Another  theore¬ 
tical  linitation  exists  in  that  the  aodel  views  the  diffusion  of  only  a  single 
conponent  (cheaical  vapor)  while  ignoring  the  potential  co-transport  of  water 
due  to  evaporation  froa  the  bubble  wall  and  bulk  phase  transport.  Although 
this  situation  is  likely,  the  overall  effects  on  transport  are  judged  to  be 
negligible. 

The  process  of  vapor  suppression  by  foaa  is  a  coaplex  interaction  between 
the  nolecules  that  constitute  the  systea.  Nany  external  factors,  such  as 
environaental  conditions  and  water  aakeup,  will  affect  the  efficiency  of  the 
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suppression  vapor.  These  external  factors  are  i^iortant  in  detemining  the 
quality  of  the  foaa  which  is  related  to  vapor-suppression  aechanisas.  So  that 
the  problea  can  be  reduced  to  a  calculable  one,  idealized  foaa  quality  and 
environaental  conditions  will  be  assuaed,  and  only  the  vapor-suppression  aecha- 
nisas  considered  to  be  controlling  will  be  aodeled.  These  siaplifications  and 
assuaptions  aay  not  be  adequate  to  sufficiently  aodel  the  vapor-suppression 
aechanisas  and  cheaical  interactions  to  predict  vapor  space  concentrations. 

Cheaical  and  Electronic  Effects 

in  iaportant  consideration  is  cheaical  effects  on  gas  solubility.  In  the 
preceding  equations,  in  the  estiaation  of  the  solubility  of  gas,  the  physical 
forces  between  solvent  and  solute  were  considered.  These  forces  are  not  useful 
in  accounting  for  the  cheaical  effects  that  aay  be  present.  Cheaical  effects 
include  hydrogen  bonding,  foraation  of  acid-base  co^lexes,  and  ionization  of 
the  cheaical  in  the  solvent.  Vhen  the  cheaical  effects  are  saall,  the  physical 
theory  offers  a  good  approxiaation.  Frequently,  the  cheaical  effects  are  doai- 
nant,  and  equations  based  on  physical  effects  to  predict  theraodynaaic  parame¬ 
ters  are  not  suitable  because  they  do  not  account  for  the  cheaical  effects. 

Systcaatic  studies  of  the  effects  of  cheaical  force  are  rare,  priaarily 
because  it  is  difficult  to  characterize  cheaical  forces  in  a  quantitative  way. 
Brown  and  Brady  (1952)  were  successful  in  quantifying  the  effects  of  an  ionizing 
solvent  on  solubility,  but  specific  aeasureaents  are  required  for  the  cheaical 
effects  present  in  the  solution.  It  is  iaportant  to  consider  that  there  are  no 
sharp  boundaries  between  physical  and  cheaical  effects.  Ell  aolecules  have 
forces  acting  between  then,  and  it  is  these  forces  which  deteraine  the  solu¬ 
bility  regardless  of  their  classification  -  cheaical  or  physical. 
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Another  inportant  consideration  is  the  influence  that  electronic  effects 
exert  on  gas  solubility.  The  proposed  scheae  considers  the  physical  forces 
between  solvent  and  solute  to  estiaate  solubility  of  the  diffusing  gas  in  the 
bubble  layers.  Regular  solution  theory  is  well  adapted  to  non-polar  solvents, 
but  aodifications  need  to  be  aade  to  extend  its  applicability  to  polar  solvents. 

When  the  concentration  of  polar  solvents  in  the  bubble  well  is  significant, 
regular  solution  theory  aay  be  severely  liaited  in  providing  solubility 
estiaates.  Furtheraore,  when  the  diffusion  species  deaonstrate  significant 
polarity  (aaines,  ketones,  alcohols,  etc.),  the  theory  aay  prove  liaited.  One 
aethod  of  incorporating  such  effects  in  the  aodel  relies  upon  Flory-Huggins 
expansion  of  lattice  and  regular  solution  theories  to  polyaer  solutions.  The 
extension  defines  a  diaensionless  paraaeter,  which  is  a  aeasure  of  the  solu¬ 
bility.  In  teras  of  regular  solution  theory,  the  paraaeter,  X,  is  defined  as: 

X  *  v_(8i  "82)2  (13) 

RT 

where  6  are  the  solubility  paraaeters  which  have  been  utilized  in  the  proposed 
approach.  This  interface  paraaeter  aay  also  be  defined  in  terns  of  interchange 
energy  as: 

X  *  «  (14) 

IJf 

where  u  is  the  Interchange  energy,  k  is  Boltzaann's  constant,  and  T  is  the  abso¬ 
lute  teaperature.  The  interchange  energy,  w,  aay  be  related  to  the  dipole 
aoaents,  or  polarizability  of  the  aolecules  in  the  aixture.  For  soae  nuaber  of 
dissiailar  aolecules,  s,  interchange  energy  is  expressed  as  a  potential  energy 
function: 
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•  »  *(ri2  -  hihi  +r22))  (15) 

The  potential  energy  fiinction,  T^j  ^  5*  detenined  for  both  permanent 

dipoles  and  induced  dipoles.  For  permanent  dipoles,  the  potential  energy 
function  is: 

-2  Wi2jij2 

Cpij  =  _  (16) 

r2  kT 

where  y  is  dipole  moment  (debyes),  r  is  the  separation  distance,  and  k  is 
Boltzmann's  constant.  A  value  for  r  can  be  estimated  as  two  tines  the  longest 
chain  present  in  the  mixture. 

The  general  debye  formula  for  potential  energy  due  to  induction  by  permanent 
dipoles  is: 

(a^  Pi  ♦  oj  pj)  (17) 

'’lij  “  - 

r2 

where  a  is  the  average  polarizability. 

The  intermolecular  forces  between  non-polar  molecules  may  be  determined  on 
the  basis  of  ionization  potentials,  I,  as 


-3aiPj  li  Ij 
fNij  ■  -  - 

r2  li^Ij 


(18) 


Therefore  the  potential  energy  changes  of  solution  due  to  electronic  effects 
may  be  determined  from  utilizing  the  interchange  energy. 
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The  deteraination  of  interchange  energy  allows  the  proposed  calculations! 
scheae  to  be  adapted  to  account  for  the  detriaental  effects  of  foaa  behavior 
observed  when  cheaicals  that  exhibit  high  dipole  aoaents  are  the  diffusing 
species.  Although  the  contribution  of  polar  forces  with  dipole  of  1  debye  or 
less  is  snail,  this  contribution  becones  increasingly  :>j.gnificant  for  dipoles  of 
1  debye  or  larger.  It  is  anticipated  that  substitution  on  the  basis  of  the 
dimensionless  interchange  parameter,  X,  will  allow  the  Henry's  law  gas  solubi¬ 
lity  relation  to  be  adapted  to  fit  these  highly  polar  solvent/solute  inter¬ 
actions.  Thus,  equating  the  dimensionless  parameter  on  the  basis  of  the  regular 
solution  theory  and  interchange  energy: 

X  =  M  =  u  (6i  -  62)^  (19) 

kt  RT 

where  w  =  (ri2  “  -  ^22'^  previously  defined.  It  is  necessary  to  sum 

the  potential  energy  contributions  over  z  pairs  of  dissimilar  molecules.  To 
accomplish  this,  we  must  define  the  contributions  and  for  interactions  among 
same  species.  These  interactions  exist  for  dipoles  and  non-polar  molecules 
separately.  For  dipole/dipole  interactions  of  the  same  species: 

Til  =  _  (20) 

r^kT 


and  for  non-polar  interactions  of  the  same  species: 


-3  aj2  Ij 


(21) 


4r6 


Application  of  the  geometric  mean  formula  allows  deteraination  of 


^ij  ■  r(rii  Tjj) 
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We  now  SUB  the  contributions  due  to  dipole/dipole,  dipole/non-dipole,  and 
non-dipole/non-dipole  interactions  for  both  siailar  and  dissinilar  pairs. 

The  bar  of  the  potential  energy  function  indicates  the  suaned  contribution  of 
the  various  interactions. 

For  dissinilar  pairs: 

Tij  =  X  I  (fpij  +  flij  +  hij)  (23) 

2  aiy.j2  +  a.iMi2  30^0.; I.; I i 

Tij  =  H  _ _  *  _ _ _  -  ^  ^  (24) 

3r^kT  r^  2r^(Ii  +  Ij) 

For  sinilar  pairs,  the  contributions  are  suaaed  for  dipole/dipole  interactions 
and  non-dipole/non-dipole  interactions; 


Sr^kT 


3ai  li 


r6 


(25) 


Substituting  the  suaaed  contributions,  the  interchange  energy  becoaes: 


and 


u  =  zCTij  -  Tii) 


X  = 


y 

■Rf 


(26) 


(27) 


Therefore  the  expression  can  be  adapted  to  fit  polar  solvent/solute  inter¬ 
actions  as: 


WXi(Vs  ♦  VJ|) 

ln(H2  ■)  =  I  Xj  ln(H2,j)  -  I  XjXjj  (28) 

where  the  diffusing  gas  solute  is  designated  by  a  subscript  2. 
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This  aethod  can  be  expanded  to  account  for  three  body  interaction  paraaeters 
if  needed.  It  would  involve  expanding  the  equations  involving  Tij  to  include 
Fijlc-  expansion  to  include  three-body  interaction  would  be  useful  for 

describing  acre  coaplex  interaction. 

This  aethod  allows  a  quantitative  estiaate  of  the  effects  of  solvent/solute 
polarity  in  peraeation  rates.  However,  such  estiaates  should  be  viewed  as  rough 
approxiaations  due  to  additional  interactions  that  occur  aaong  polar  aolecules. 
Such  interactions  as  hydrogen  bonding.  pH  shifts,  or  acid-base  coaplex  for- 
aations  are  not  included  in  s'i..h  calculations  and.  in  fact,  cannot  be  quantified 
due  to  liaitations  of  solution  theory  at  this  tine. 
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CONCLUSIONS 

On  the  basis  of  progress  eade  during  the  last  several  aonths,  the  proposed 
calculational  scheme  is  based  on  a  single  resistance  offered  by  the  foan.  The 
calculational  scheae  vill  account  for  variances  in  the  bubble  wall  coaposition 
over  time.  Figure  2  is  a  flow  diagram  of  the  iterative  calculational  scheme 
with  references  to  equations  of  interest.  The  results  from  the  model  will  be  a 
theoretical  percent  reduction  in  vapor  and  reapplication  tine. 

There  are  several  limitations  to  the  proposed  calculational  scheme.  The 
equations  used  to  determine  the  solubility  of  the  gas  in  the  bubble  wall  require 
information  about  the  foan  concentration  which  may  not  be  available.  Estimation 
techniques  can  be  employed  to  obtain  the  needed  physical  properties,  but  they 
may  not  offer  an  accurate  answer.  The  model  used  accounts  for  physical  effects 
but  does  not  account  for  chemical  effects  on  solubility.  In  cases  where  chemi¬ 
cal  effects  are  dominant  over  physical  effects,  the  proposed  method  may  grossly 
underestimate  the  transport  of  vapor  through  the  foan.  No  method  exists  for 
the  quantitative  chemical  effects  on  solubility.  A  qualitative  analysis  could 
be  accomplished  but  would  require  experimental  data,  which  are  not  available. 

The  model  also  docs  not  account  for  environmental  effects  on  transport 
mechanisms  or  foam  quality.  The  system  analyzed  is  a  theoretical  ideal 
situation  on  a  smooth  water  surface.  The  model  does  not  account  for  changes  in 
the  temperature  of  the  chemical  pool.  It  is  proposed  that  the  heat  transfer 
from  the  water  is  counterbalanced  by  the  auto  cooling  by  the  pool  to  maintain 
the  pool  tei^rature  at  initial  conditions. 
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Figur*  2:  Flowchart  for  Ti»a  -  Variant  calculational  Schaaa 
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Although  the  calculational  scheae  is  based  on  sound  theraodynaaic  rela¬ 
tionships  and  aass-transfer  principles,  lack  of  quality  data  and  experiaental 
research  hindered  the  developaent  of  the  aodel  to  an  operational  stage.  Several 
equations  used  in  the  calculational  scheae  for  foaa  behavior  were  proposed  based 
on  theoretical  considerations  and  have  not  been  tested  against  field  results. 
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II.  roiM  TBSTS  IT  THE  TSUtSFOEnTIOH  TBST  CDTEB 

Foam  tests  sponsored  by  National  Foaa  at  the  Transportation  Test  Center 
were  attended  to  gain  a  better  iinderstanding  of  foaa  application  and  behavior. 
Personnel  who  were  conducting  the  tests  had  extensive  backgrounds  in  developaent 
and  application  of  foaas.  It  was  hoped  that  discussions  with  these  personnel 
would  be  beneficial  in  gaining  soae  insight  into  the  aechanisn  of  vapor 
suppression  and  variables  which  affect  vapor  suppression. 

The  tests  of  interest  were  for  ethylene  oxide  and  vinyl  chloride  aonoaer. 
Vinyl  chloride  aonoaer  is  one  of  the  floating  CHRIS  cheaicals  and  has  a  very 
high  vapor  pressure  at  aablent  teaperatures.  Ethylene  oxide  is  a  CHRIS  cheaical 
but  because  of  high  water  solubility,  it  is  not  classified  as  a  floater.  Vapor 
suppression  was  tested  for  both  cheaicals  while  only  ethylene  oxide  will  be 
tested  for  fire  extinguishing  qualities  of  foaa. 

The  foaa  to  be  tested  was  National  Foaa's  Universal  Foaa.  This  foaa  is  an 
alcohol  type  foaa  (ATF).  ATFs  were  developed  for  use  on  polar  solvents  which 
usually  degrade  other  types  of  foaa.  RTFs  have  a  polysaccharide  additive  which 
foras  a  polyaeric  gel  at  the  foaa/cheaical  interface,  protecting  the  foaa  froa 
the  cheaical.  The  polyaeric  gel  is  foraed  froa  water  (draining  froa  the  foaa), 
which  has  a  high  concentration  of  polysaccharides.  At  the  foaa/cheaical  inter¬ 
face,  water  is  reaoved  by  cheaicals  with  an  affinity  for  water,  leaving  the 
polysaccharides.  If  the  foaa  is  applied  to  a  cheaical  with  little  or  no  affin¬ 
ity  for  water,  the  foaa  behaves  like  an  aqueous  file  foraing  foaa. 

Cheaicals  with  a  tendency  to  degrade  foaa  include  polar  cheaicals  or  cheai¬ 
cals  with  an  ability  to  fora  hydrogen  bonds  with  water.  It  is  suspected  that 
these  cheaicals  tegrade  foaa  by  interference  with  the  steric  equilibriua  in  the 
foaa  bubble  aatrix. 
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The  following  sections  offer  a  sunaary  of  the  foan  tests  for  ethylene  oxide 
and  vinyl  chloride  aononer  and  a  suaaary  of  conclusions  reached  froa  discussions 
with  National  Foaa  personnel. 

Suaaary  of  Foaa  Tests 

It  was  expected  that  since  the  ethylene  oxide  is  soluble  in  water  that  it 
had  the  potential  to  destroy  foaa.  To  circuavent  this  problea,  the  concen¬ 
tration  of  the  surfactant  was  increased  to  approxiaately  9%.  The  reasons  for 
the  increased  concentration  were:  (1)  an  increase  in  foaa  stability;  (2)  a 
decrease  water  drainage;  and  (3)  an  increase  in  the  aaount  of  polysaccharide 
which  would  fora  a  thicker  polyaeric  fila.  The  aaount  of  polysaccharide  present 
in  the  plateau  borders  would  also  increase  and  would  serve  to  protect  the 
bubble  wall  froa  loss  of  water  froa  the  hydrophobic  cheaicals. 

The  ethylene  oxide  was  loaded  into  an  insulated  aetal  pan  and  the  free 
evaporation  rate  deterained.  The  pan  was  equipped  with  a  load  cell  which  could 
deteraine  the  aaount  of  aaterial  which  evaporated.  The  pan  was  refilled  with 
ethylene  oxide  to  an  appropriate  level.  The  ethylene  oxide  evaporates  at  a 
rate  of  about  1.5  lbs  per  ainute.  Approxiaately  six  inches  of  9%  universal  foaa 
was  applied  to  the  pan.  No  weight  was  lost  for  an  hour.  Before  the  foaa  appli¬ 
cation,  downwind  concentrations  were  recorded  at  10%  (8  feet  froa  the  pan). 

After  an  hour  of  no  weight  loss,  the  foaa  was  carefully  reaoved,  and  it  was 
noticed  that  the  polymeric  fila  was  frozen  (approxiaately  1/4  inch  thick)  and 
leaking  ethylene  oxide  (1  ppa). 

The  polyaeric  fila  was  very  effective  in  protecting  the  foaa  froa  the 
degrading  nature  of  the  cheacial.  With  this  protection,  the  foaa  was  able  to 
suppress  vapors  conpletely  for  an  hour. 
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N«xt,  a  test  was  set  up  to  ignite  the  chenical  and  to  see  if  the  Universal 

Foan  could  extinguish  the  fire.  About  400  lbs  of  ethylene  oxide  were  placed  in 

a  netal  pan.  The  vapors  were  ignited  with  a  flare.  Foaa  was  applied  after 
about  a  ninute  or  so  of  burning.  A  four-inch  foan  layer  was  applied  and  the 
fire  was  controlled.  The  foaa  had  the  sane  concentrate  as  the  vapor  suppression 
test  (9%).  The  ethylene  oxide  continued  to  boil  under  the  foaa  layer,  aainly 
near  the  edges  of  the  pan  and  with  saall  flaaes  burning  the  released  ethylene 
oxide  vapors.  The  pan  was  still  hot  froa  the  burn,  and  the  heat  degraded  the 
foaa  causing  vapor  releases  around  the  edge.  After  about  7  1/2  ainutes,  a  con¬ 
siderable  flaae  started  around  one  edge  of  the  pan  and  another  application  of 
foan  was  required. 

Since  the  ethylene  oxide  was  hot,  the  frozen  polyaeric  gel  layer  was  never 

obtained.  The  ethylene  oxide  continued  to  boil  under  the  foaa,  and  the  vapor 

rising  through  the  foaa  caused  it  to  overflow  the  pan.  The  foaa  which  over¬ 
flowed  was  saturated  with  ethylene  oxide  vapor  and  continued  to  burn  slowly 
after  falling  to  the  ground.  The  ethylene  oxide  was  allowed  to  burn  slowly. 

The  foaa  continued  to  expand  and  burn  in  a  controlled  fashion. 

About  twenty  ainutes  after  the  second  application,  an  atteapt  was  aade  to 
totally  extinguish  the  fire,  but  this  was  not  accoaplished.  The  shape  of  the 
pan  along  with  the  low  drainage  of  the  foaa  were  probably  the  reasons  for  the 
inability  of  the  foaa  to  coapletely  put  out  the  fire.  Nonetheless,  the  foan 
gave  the  opportunity  for  a  controlled  burn-off.  This  would  be  a  safe  and  effec¬ 
tive  aeans  for  cleaning  up  spills  of  naterials  which  burn  clean. 

In  conclusion  of  the  fire  test,  the  foaa  provided  an  excellent  aeans  of 
controlling  the  fire  and  gave  the  opportunity  to  dipose  of  the  naterial  by  a 
controlled  bum  back.  One  aust  keep  in  nind  that  the  key  to  the  success  of  the 
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t«st  was  the  quickness  of  the  response.  If,  for  instance,  the  fuel  was  allowed 
to  burn  for  som  extended  tine,  heating  both  the  fuel  and  surroundings,  the  fire 
■ost  likely  could  not  have  been  controlled. 

A  vapor  suppression  test  was  also  conducted  on  vinyl  chloride  aonower.  On 
the  day  the  test  was  conducted,  conditions  were  less  than  optiaua  with  wind 
gusts  up  to  so  MPR.  Although  the  conditions  were  not  ideal,  the  test  was  con¬ 
ducted  to  gain  experience  in  applying  foaa  under  difficult  conditions. 

It  was  decided  to  use  a  9%  Universal  Foaa  concentration  because  of  the  high 
vaporization  rates  which  could  cause  foaa  destruction.  The  pan  was  loaded  with 
approxiaately  416  lbs  of  VCN.  Initial  vaporization  was  very  high,  approxi- 
aately  5.0  Ibs/ain. ,  but  the  pan  began  to  autore frige rate  due  to  vaporization. 
After  soae  thirty  ainutcs,  the  rate  of  vaporization  slowed  considerably  as  the 
pan  teaperature  dropped  to  -47°C. 

The  foaa  was  applied  with  great  difficulty  for  approxiaately  35  seconds. 

The  use  of  a  backboard  proved  too  difficult,  and  the  foaa  was  siaply  arched  over 
the  pan  and  the  wind  carried  the  foaa  to  the  pan.  The  foaa  froze  upon  contact 
with  the  VCM.  About  four  inches  of  foaa  were  applied,  of  which  approxiaately 
two  inches  were  frozen.  The  weight  of  the  foaa  was  around  100  lbs.  The  top 
two  inches  of  unfrozen  foaa  were  quickly  displaced  froa  the  pan.  During  the 
first  19  ainutes  106  lbs  of  weight  was  lost,  aost  of  which  was  foaa.  After  28 
ainutes,  the  weight  loss  stabilized,  and  during  the  last  five  ainutes,  only  1  lb 
of  weight  loss  was  recorded. 

An  observer  posed  the  question:  "Could  a  water  fog  give  the  sane  frozen 
blanket?"  Hater  was  then  added  as  a  fog.  The  rate  of  vaporization  quickly 
increased  and  the  pan  temperature  rose  quickly  froa  -41^C  to  -18^C  (which  was 
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probably  tha  boiling  point  at  4,600  ft.  altitude).  After  aoae  tine,  approxi- 
nately  five  ninutes),  the  tenperature  of  the  pan  rose  to  7®C.  At  this  point, 
the  mixture  of  water  and  VCM  boiled  rapidly. 

Two  reasons  for  the  behavior  follow.  First,  the  foan,  being  nostly  air, 
has  very  good  insulating  properties;  since  the  foan  drains  slowly,  no  water  is 
drained  to  the  cold  VCM  during  the  first  45  seconds.  This  gave  the  foan  the 
opportunity  to  freeze.  Secondly,  water  has  good  themoconductive  properties  and 
served  as  a  heat  source  to  the  VCM. 

In  conclusion,  the  foan  offered  vapor  suppression  even  though  the  con¬ 
ditions  were  not  favorable.  Vapor  concentrations  were  reduced  to  50  ppm  just 
above  the  pan  on  the  downwind  side. 

Additional  foan  tests  for  vapor  suppression  have  been  conducted,  and  a 
sunnary  of  the  results  is  shown  in  Appendix  C.  These  tests  were  developed  to 
determine  the  feasibility  of  using  foan  as  a  vapor  suppressant  and  not  to 
collect  precise  data  to  be  used  in  theoretical  calculations.  Therefore,  the 
data  are  not  suitable  for  the  development  of  the  foan  based  vapor  suppressant 
Bodel . 
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samaiT  or  coRcuisicMfs  suched  fboh  discossiois  win 
nTiMiL  Fom  PEBsnontL 


Discussions  with  National  Foan  personnel  were  beneficial  for  gaining 
insight  for  foaa  application  and  nechanisns  causing  the  suppression  of  vapors 
by  foan.  The  conclusions  are  suraarized  below. 


o  Foan  used  for  vapor  suppression  should  not  be  applied  with  non-air 
aspirating  nozzles.  Regular  firefighting  nozzles  will  produce  a  poor 
quality  foaa  with  non-unifom  bubbles  and  non-honogenous  surfactant  con¬ 
centrations.  With  non-unifom  bubbles,  the  larger  bubbles  tend  to  cani- 
balize  saaller  bubbles  and  therefore  degrade  the  foaa. 

o  Foaa  concentrate  should  always  be  proportioned  and  never  added  directly 
to  the  water  tank. 

o  Foaa  degradation  is  caused  by  losses  of  H2O  froa  the  bubble  wall  and 
shifts  in  pH,  which  disturb  the  equilibriua  in  the  foan  natrix. 

o  Foan  degradation  due  to  a  loss  of  water  froa  the  bubble  wall  can  be 
avoided  by  the  use  of  ATF/AFFF  foaas  which  protect  the  foan  by  a  poly- 
neric  gel.  The  concentration  of  surfactant  can  be  increased  to  as  high 
as  12%  for  a  chenical  with  high  water  solubility  like  ethylene  oxide  or 
for  chenicals  which  shift  the  pH  like  triethylenine.  This  protects  the 
foan  froa  the  chenical. 

o  Chenicals  with  high  heats  of  solution  (in  water)  degrade  foam.  An 
exanple  of  this  is  foaa  application  (NF  Haznat  #2)  to  chlorosulfonic 
acid.  The  foan  quickly  collapsed. 

o  Teaperature  and  the  aincral  content  of  the  water  effect  the  quality  of 
foan  generated.  Hunidity  and  wind  speed  will  effect  the  life  of  foan 
due  to  evaporation. 

0  A  statistical  study  conducted  by  Ed  Nornan  to  identify  variables  or 
groups  of  variables  which  can  account  for  foaa  behavior  reached  no 
conclusion. 

o  Priaary  alcohols  are  less  degrading  to  foan  than  secondary  and  tertiary 
alcohols.  An  explanation  for  this  phenonena  has  not  been  developed. 
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IBCOMHDIDlTimS 

Recoaaendations  for  further  work  on  the  developaent  of  a  foaa  based  vapor 
suppression  aodel  focus  on  coapiling  experiaental  data.  The  areas  which  require 
experiaental  data  include  foaa  drainage  behavior,  vapor  suppression  by  foam,  and 
a  characterization  of  coapatibility  between  foaa  and  floating  CHRIS  chemicals. 

To  obtain  this  data,  an  experiaental  aethod  would  have  to  be  developed.  The 
data  could  then  be  used  to  correlate  paraaeters  such  as  aass-transfer 
coefficients  and  drainage  rates  which  could  ultiaately  lead  to  estimating  the 
efficiency  of  the  vapor  suppression. 
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III.  CHBncaL  COMPATIBILITT  BSTVEDI  SPILLED  CHEMICALS 
AMD  RESPCmSE  Ef^PMEMT 

An  iaportant  consideration  for  response  efforts  is  the  coapatibility  Letween 
spilled  cheaicals  and  response  equipment .  Present  technology  can  produce 
strong,  durable  materials  which  are  used  in  the  construction  of  containment  and 
removal  devices.  These  polymeric  materials  are  susceptible  to  deterioration 
from  contact  with  chemicals  in  which  the  polymeric  material  is  soluble.  The 
effects  from  contact  with  solvents  can  be  total  destruction  of  the  material, 
swelling  from  absorption  of  chemicals,  or  stiffing  and  buckling  due  to  loss  of 
plasticizers.  Since  the  floating  CHRIS  chemicals  exhibit  a  broad  range  of  che¬ 
mical  characteristics,  it  is  likely  that  some  chemicals  will  cause  adverse 
effects  to  polymeric  materials. 

Commonly  used  polymers  for  response  equipment  include  poly  vinyl  chloride, 
chlorinated  poly  ethylene,  urethane,  and  hypalon.  For  environments  which 

degrade  most  polymers,  manufacturers  have  .ieveioped  chemical  resistant  materials 
made  up  of  a  combination  of  polymers. 

Response  personnel  would  benefit  from  an  analysis  of  the  effect  of  contact 
between  polymeric  materials  and  floating  CHRIS  chemicals.  The  literature  was 
searched  for  information  on  chemical  resistance  of  commonly  used  polymers.  The 
information  found  was  general.  Several  sources  (Perry,  Encyclopedia  of 
Polymers)  gave  ratings  for  broad  classifications  of  polymers  for  selected  func¬ 
tional  groups.  An  example  is  polyurethane's  chemical  resistance  (excellent, 
good,  fair,  or  poor)  to  hydrocarbons,  both  aliphatic  or  aromatic,  oils,  fuels, 
salt  water,  etc.  Since  both  polymer  materials  and  chemicals  within  each  classi¬ 
fication  will  exhibit  a  broad  range  of  characteristics,  this  information  would 
offer  only  a  wary  general  guideline  for  use. 
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A  quantitative  aethod  is  needed  to  predict  the  compatibility  between  a  spe¬ 
cific  polymeric  material  and  a  given  CHRIS  chemical.  Such  a  method  exists  and 
involves  using  solubility  parameters. 

The  idea  of  a  solubility  parameter  originates  from  theoretical  methods  used 
to  predict  vapor-liquid  equilibrium  and  is  defined  as 

6  =  (ApVw)^ 

where  is  energy  of  complete  vaporization  and  v  is  liquid  molar  volume .  The 
solubility  parameter  is  a  function  of  temperature  and  pressure,  although  the 
difference  between  the  solubility  parameters  of  two  chemicals  is  nearly  inde¬ 
pendent  of  temperature.  The  solubility  parameter  can  be  thought  of  as  a  measure 
of  intermolecular  attraction  of  a  chemical.  By  comparing  solubility  parameters 
of  different  chemicals,  information  can  be  gained  as  to  the  similarity  of  the 
chemicals.  Similar  chemicals  will  have  solubility  parameters  of  approximately 
equal  values. 

For  polymeric  solutions,  a  dimensionless  parameter  X  is  defined  in  terns  of 
solubility  parameters. 

vj  (61-62)^ 

X  = 

RT 

where  Aj  _  liquid  molar  volume  of  the  solvent 
R  -  the  ideal  gas  lav  constant 

T  -  temperature 

6  -  the  solubility  parameter. 

The  subscripts  for  the  solubility  parameter  refer  to  the  solvent  and  solute. 

X  for  a  thermal  solution  is  zero  and  for  mixtures  of  components  which  are 
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cheaically  siailar  X  Is  saall.  Predictions  of  good  solvents  for  polyners  can 
be  Bade  by  considering  the  following  criterion. 

®1  *  ®2 

It  is  usually  sufficient  that  the  difference  between  solubility  paraneters  be 
less  than  1.0  for  a  polyaer  to  be  soluble. 

In  sone  cases,  polyners  nay  be  soluble  in  cheaicals  with  differences  in 
solubility  paraneters  of  greater  than  1.0.  This  is  due  to  sone  interaction 
between  dissiailar  aolecules  which  enhance  solubility.  This  interaction  is 
coBBonly  strong  hydrogen  bonding.  Because  of  this  interaction,  solubility  para- 
aeters  of  solutes  are  published  in  ranges  for  poor,  aoderate,  and  strong  hydro¬ 
gen  bonding  cheaicals.  Solubility  paraaeters  for  solvents  are  usually 
accoapanied  with  a  classification  of  its  ability  to  fora  hydrogen  bonds. 

Coaparison  of  solubility  paraneters  of  polyaeric  aaterials  with  floating 
CHRIS  cheaicals  would  provide  a  qualitative  basis  for  polyner  solubility.  One 
advantage  of  using  this  aethod  to  predict  cheaical  resistance  is  that  definitive 
data  is  not  needed  for  the  aixture,  thus  asking  it  possible  to  deteraine  the 
interaction  between  polyaeric  aaterials  and  spilled  CHRIS  cheaicals. 

The  literature  provides  an  extensive  list  of  experiaently  deterained 
solubility  paraneters  for  both  polyaeric  aaterials  and  solvents.  Table  1 
provides  sone  of  these  paraneters  (Barton,  1983  and  Brandrup  and  laaergut, 

1966). 
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TABU  1.  SOUnXLITT  PAKAIIBTBBS  FOB  SOUK  SELECTED  SOLTBITS  AMD  FOLTMKBS* 

Solvents 

6  (cal/cc)^ 

2-ethyl  hexanol  9.5 

■ethyl  isobutyl  carbinol  10.0 

2-ethyl  butanol  10 . 5 

n-pentanol  10 . 9 

n-butanol  11.4 

n-propanol  11.9 

ethanol  12.7 

■ethanol  14.5 

Polyers 

polyethylene  8 . 1 

polypropylene  9 . 4 

polyurethane  10 . 0 

poly  vinyl  chloride  10.8 

*  Data  froa:  J.  Brandrup  and  E.  H.  laaergut,  Polyaer  Handbook, 

John  Miley  A  Sons.  Hew  York,  1966. 
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For  matorials  or  cheaicalt  with  no  publishad  solubility  paraweters,  a  aethod 
exists  to  predict  its  solubility  paraaeter  (Saall.  1953).  The  aethod  uses 
aolar-attraction  con-stants  for  different  functional  groups  which  constitute  the 
aolecule.  Table  2  provides  aolar-attraction  constants,  G,  for  cheaical  groups. 
The  solubility  paraaeter  is  related  to  the  aolar-attraction  constants  by  the 
following  equation: 

6  ::  diG/N 

where  IG  is  the  sua  for  all  the  atoas  and  groupings  of  the  aolecule,  d  is 
density,  and  N  is  aolecular  weight.  The  aethod  is  useful  for  estiaating  solu¬ 
bility  paraaeters  with  an  accuracy  to  the  first  deciaal  place,  which  is  adequate 
for  practical  purposes.  The  aethod  should  not  be  used  for  alcohols,  aaines, 
carboxylic  acids  or  other  strong  hydrogen  bonded  coapounds  unless  such  func¬ 
tional  groups  constitute  only  a  saall  part  of  the  aolecule.  h  aost  valuable 
application  of  Saall 's  aethod  lies  in  estiaating  the  solubility  of  polyaers  in 

solvents. 
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TIBU  2.  mUS-ATTSACnOH  CORSTAMTS  AT  25<>C 


Group 

G 

Group 

G 

-CH3 

214 

CO 

ketones 

275 

-CH2-  single-bonded 

133 

COO 

esters 

310 

-CH< 

28 

>C< 

-93 

CM 

410 

Cl 

(aean) 

260 

CH2= 

190 

Cl 

single 

270 

-CH=  double-bonded 

111 

Cl 

twinned  as  in  -CCI2 

260 

<C= 

19 

Cl 

triple  as  in  -CCI3 

250 

Br 

single 

340 

CH=C- 

285 

1 

single 

425 

-CaC- 

222 

CP2 

n-fluorocarbons  only 

150 

C?3 

274 

Phenyl 

735 

Phenylene  (o,e,p) 

658 

S 

sulfides 

225 

Naphthyl 

1146 

SH 

thiols 

315 

Ring,  S-eeabered 

105-115 

01102 

nitrates 

'440 

Ring,  G-aeabered 

95-105 

NO2 

(aliphatic  nitro-coapounds) 

'440 

Conj ugation 

20  -  30 

PO4 

(organic  phosphates) 

*500 

Si 

(in  silicones)* 

-38 

M  (variable) 

80-100 

0  ethers 
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Another  Mthod  for  detentining  solubility  paraneters  was  developed  by  Hanson 
(1969).  This  aethod  would  be  useful  for  polar  solvents  or  chenicals  with  an 
ability  to  fora  hydrogen  bonds.  The  aethod  is  referred  to  as  the  three- 
diaensional  solubility  paraaeters  aodel.  The  Handbook  of  Solubility  Paraaeters 
and  Other  Cohesion  Paraaeters  (Barton.  1983)  provides  a  list  of  these  experiaen- 
tally  based  paraaeters  for  a  variety  of  organic  solvents. 

By  asking  use  of  the  aforeaentioned  aethod,  it  is  possible  to  construct  a 
aatrix  of  the  interactions  of  various  polyaers  with  soae  floating  CHRIS  cheai- 
cals.  All  of  the  floating  CHRIS  cheaicals  cannot  be  considered  because  of  the 
liaitations  of  the  aethod.  The  coaposition  of  polyaeric  aaterials  which  aay 
coae  in  contact  with  spilled  floating  cheaicals  would  have  to  be  described  in 
detail.  Each  type  of  aolecule  in  the  aaterial  will  have  to  be  considered 
separately  as  a  possible  solute.  Inforaation  on  the  aaterial  aay  be  difficult 
to  find  and  Unit  the  use  of  the  aethod.  The  best  source  of  inforaation  on 
cheaical  conpatibility  between  cheaicals  and  response  equipnent  is  the 
nanufacturer. 
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IPPUDIZ  A 

CALCUUnOiaL  SCHID  FOt  LM  TUB 

ASSUtiPTlOSS:  1}  Vaporization  razains  constant. 

2)  Early  vapor  transport  is  supprassad  by  counts rcur rant  washing 
of  vapor  by  tha  draining  foaz. 

Tha  calculation  is  for  tha  supprassion  of  banzana  vapor  by  tha  application 
of  20  inchas  of  high  axpansion  (500:1)  azulsiflaza.  Data  ara  takan  froa  MSA's 
report  (Gross  and  Hiltz.  1982). 

A  two-paraaatar  drainage  aquation  was  fitted  to  tha  drainage  data  supplied  by 
tha  MSA  report.  Tha  aquation  used  is: 

R  *  a  (  bt  ♦  1  )  -1.667  (4.1) 

where  tha  constants  vara  found  to  be  a  «  15.696  and  b  =  0.35. 

Tha  units  for  R  ara  cubic  cantiaatars  per  ainuta.  The  units  needed  for  a 
velocity  coaponant  are  centiaeters  per  ainuta.  Proa  the  axpansion  ratio,  the 
area  available  for  flow  is: 

*flow  *  *  xotal/^^P^^io"  Ratio  (A-2) 

Tha  following  equation,  given  by  Matsak  (1963),  was  used  to  estiaate  the 
vaporization  rate: 

S  ■  (5.38  +  4.1  V)  P  mH  (A-3) 

where  S  ■  the  vaporization  rate,  g/ca^-hr 
V  *  the  wind  speed,  a/sec 
N  •  the  Bolecular  weight 
P  ■  tha  vapor  pressure,  aa  Hg 

Vlth  tha  use  of  tha  density  of  banzana  vapor,  the  vapor  rate  can  be  converted 
into  units  of  caatiaatars  par  ainuta,  which  is  a  vapor  velocity  coi^nant. 
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&  slip  velocity  is  a  aeasure  of  the  aagnitude  and  direction  of  the  bulk 
fluid  (vapor  or  gas).  The  slip  velocity  is  defined  as  follows: 

Us  =  Ug  +  Ul  (A-4) 

where  Ug  is  the  slip  velocity,  Ug  is  the  velocity  coq>onent  of  vapor,  and  is 
the  velocity  coaponent  of  liquid.  The  sign  conversion  is  negative  for  down  and 
positive  for  up.  When  the  sign  of  the  slip  velocity  changes,  the  vapor  begins 
to  nigra te  through  the  foaa. 

The  following  is  an  exaaple  of  the  results  of  the  suppression  of  benzene 
vapors : 

tiae  (ainutes)  Ug  (ca/ain)  Uj  (ca/ain)  Ug  (ca/ain) 


1 

2.14 

9.518 

-7.378 

5 

2.14 

2.906 

-0.766 

6 

2.14 

2.381 

-0.241 

7 

2.14 

1.992 

•^0.8609 

This  shows  that  vapor  begins  to  aigrate  through  the  foaa  7  ainutes  after 
application.  Results  froa  the  MSI  report  show  a  lag  tiae  of  10  ainutes. 
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APPniDIX  B 

CUCDUTiailL  SCHBXB  FOB  BBSS  TBIBSFOBT  TBBODGH  FOIM 


The  flux  of  cheaical  through  the  foaa  can  be  determined  by  a  common  equation 


used  in  mass-transfer  operations: 


where 


N  *  kjj«(xb  -  Xi) 

N  *  permeation  rate,  g-moles/unit  volume 


(B-1) 


kx=  mass  transfer  coefficient,  g-moles/unit  volume-unit  time 

X  >  mole  fraction  of  permeating  component  in  the  bulk  phase  and  at 
the  gas-liquid  interface 

a  s  interfacial  area  available  for  mass  transfer 


The  mass-transfer  coefficient  can  be  determined  from  an  equation  derived  by 


where 


Cheng  and  Lemlich  (1985): 

P  *  _  _  (B-2) 

3  U-D') 

where  B2,m  *  Henry's  constant 

Dr3^2  *  sauter  mean-bubble  diameter 
0  s  the  diffusivity 
D'  s  the  foam  fraction  that  is  liquid 

To  obtain  the  proper  units  for  Eq.  B-1,  P  must  be  multiplied  by  the  ratio  of  the 
interfacial  area/molecular  weight. 

The  concentration  at  the  gas-liquid  interface  is  set  equal  to  zero  to  obtain 
the  maximum  permeation  rate.  The  concentration  in  the  bulk  phase  can  be  calcu¬ 
lated  by  a  method  outlined  by  O'Connell  and  Prausnitz  (1964)  for  gas  solubility 
in  mixed  solvents. 


The  solubility  of  the  diffusing  chemical  into  the  bubble  wall  can  be  deter¬ 


mined  by: 


Yi  f  ■  ^i, solvent  *i 
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where  /  =  fugacity 

i  s  gas-phase  fugacity  coefficient 
^i, solvent  ~  Henry's  constant 

Xj^  s  liquid-phase  aole  fraction  of  conponent 
yj^  =  gas-phase  sole  fraction  of  component 
At  low  pressures  (below  5  ata),  the  gas-phase  fugacity  coefficient  is  equal 
to  unity. 

For  the  calculation  of  the  solubility  of  the  component  in  the  solvent, 
a  value  for  Henry's  constant  is  needed.  The  following  expression  can  be  used  to 
calculate  Henry's  constant  for  a  mixed  solvent: 

ln(H2,m)  =  I  *i  ln(H2,i)  “  5!  I  «ij  H  Yj 

With  a  value  for  Henry's  constant,  the  solubility  of  the  gas  in  the  nixed 
solvent  can  be  determined.  From  considerations  of  the  foam  makeup,  the  concen¬ 
tration  of  the  solubilized  component  can  be  determined  and  ultimately  the  rate 
of  permeation  from  Eq.  B-1.  The  constant  aj^j  can  be  calculated  from  the 
following  derived  equation  to  account  for  polar  solvents: 


(vi  ♦  Vj)  Xi  w/kT 
■ij  *  - 

2  Vj  •* 

where 

XI  Vi 

♦i  -  _ 

*i  H 


(B-5) 


(B-6) 


is  the  liquid  molar  volume,  and  w  is  the  interchange  energy,  which  will  be 
discussed  later.  The  liquid  molar  volume  can  be  estimated  by  a  method  given  in 
The  Properties  of  Cases  and  Liquid  (leid  et  al.,  1977).  This  method  utilizes 
empirical  parameters  based  on  the  structure  of  the  molecule. 
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K  value  for  the  interfacial  area  can  be  estieated  free  various  experieen- 
tally  deterained  bubble  radii  published  together  with  theoretical  equations 
developed  by  Lenlich  (1982)  which  define  the  distribution  of  bubble  radii. 
Equations  froa  Lealich  are  of  the  following  fora: 

#(R,0)  =  II  r  exp(-v  r2)  (B-7) 

2  4 

where  4(R,0}  is  a  diaensionless  nuaber-frequency  distribution  function  of 
bubble  radii  and  r  is  the  bubble  radius,  r  divided  by  the  initial  arithaetic 
nuaber-aean  radius,  r^  o(0). 

If  the  distribution  of  bubble  size  is  known,  a  value  for  the  surface  area 
can  be  deterained  which  can  be  used  to  calculate  an  interfacial  area,  a,  defined 
by: 

a  =  surface  area/voluae  (B-8) 

k  Sauter  aean>bubble  diaaeter  can  then  be  calculated  froa  the  following 
expression: 

Dp  =  y  (B-9) 

a 

where  T  is  the  voluae  fraction  of  the  dispersed  phase. 

k  theoretical  bubble  lifetiae  can  be  calculated  by  the  following  equation 
developed  by  de  Vries: 

T  s  Pa  r2  P  (B-10) 

2V  R  T 

where  Pa  «  the  pressure 

r  ■  the  aean>bubble  radius 

t  »  the  surface  tension 

T  <■  the  absolute  teaperature 

This  equation  predicts  the  lifetiae  of  the  bubbles  in  the  foes  on  the  basis  of 
the  diffusion  of  gas  between  bubbles. 
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Th«  preceding  equations  will  be  used  to  calculate  the  solubility  of  gas  in 
the  bubble  wall.  For  variations  over  time  in  the  concentration  of  the  bubble 
walls,  the  above  equations  will  be  used  in  conjunction  with  fitted  drainage 
equations.  The  variations  in  composition  during  an  increment  of  time  can  be 
accounted  for  by  the  drainage  equations.  The  new  value  for  the  permeation 
through  the  bubble  wall  and  theoretical  bubble  lifetime  can  then  be  calculated. 
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APPBMDXX  C 

MITRIZ  OP  »xlM  VIFOB  SOPPSISSIOII  TESTS* 


Chaaical 

ATP 

APPP 

Hiiiliiiili 

Protein 

Surfactant 

facial 

Poans 

CH 

Acetone 

R 

U 

u 

U 

u 

U 

NT 

Annonia 

S 

S 

s 

s 

s 

R 

NT 

Benzene 

R 

u 

s 

s 

u 

S 

NT 

Butanol 

R 

u 

u 

u 

u 

U 

NT 

N-Butyle  Acetate 

R 

R 

R 

R 

R 

NT 

NT 

Broaine 

U 

u 

U 

U 

U 

R 

r2.3 

Carbon  Disulfide 

NT 

NT 

NT 

u 

NT 

NT 

r2.3 

Cholorosulfonic  Acid 

NT 

NT 

NT 

NT 

NT 

NT 

U2 

Cyclohexane 

R 

S 

R 

R 

S 

S 

NT 

Ethane 

S 

U 

S 

S 

S 

R 

NT 

Ethylanine 

R 

u 

U 

U 

V 

V 

r1^3 

Ethyl  Benzene 

R 

R 

R 

R 

R 

s 

NT 

Ethylene 

S 

U 

S 

S 

S 

R 

NT 

Ethylene  Oiaaine 

R 

U 

U 

U 

U 

U 

r1,3 

Ethylene  Oxide 

R 

U 

U 

U 

U 

U 

NT 

Ethyl  Ether 

R 

U 

U 

U 

U 

U 

NT 

Gasoline 

B 

s 

R 

R 

R 

R 

NT 

Heptane 

B 

s 

R 

R 

R 

R 

NT 

Hexane 

B 

s 

S 

S 

S 

S 

NT 

Hydrochloric  Acid 

NT 

NT 

NT 

NT 

NT 

NT 

r2.3 

Hydrogen  Chloride 

NT 

NT 

NT 

NT 

NT 

NT 

r2.3 

Hydrazine 

B 

U 

U 

U 

U 

U 

r1.3 

Karosana 

H 

S 

R 

R 

R 

R 

NT 

*  Data  extracted  froa 

The 

k  for  Using  Foaas  to  Control 

Vapors 

froa 

Hafrdout  Spillt  (Evans  and  Carrol,  1^86)  and  qualitativa  consld«rations 
davaiopad  wdar  this  work. 
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IPPnDIZ  C  coa'd. 

lUTSIZ  OF  FQUI  FAP(»  SDPPSlSSiaa  FISTS* 


Chaaical 

1  ATF 

AFFF 

Protein 

Surfactant] 

osnai 

Rarosana 

B 

S 

R 

R 

B 

R 

Liquafiad  Natural  Gas 

U 

U 

U 

U 

u 

R 

Mathanol 

n 

u 

U 

U 

u 

U 

Methyl  Acrylate 

9 

u 

U 

u 

u 

U 

Me thy lamina 

9 

u 

0 

u 

u 

u 

Methyl  Butyl  Ketone 

9 

u 

U 

u 

u 

u 

Methyl  Sthyl  Ketone 

9 

u 

U 

u 

u 

u 

Methyl  Mercaptan 

9 

NT 

NT 

NT 

NT 

NT 

Naptha 

9 

S 

R 

R 

R 

R 

Nitric  Acid 

NT 

NT 

NT 

NT 

NT 

NT 

Octane 

■ 

S 

S 

S 

S 

S 

Octanol 

S 

S 

S 

S 

S 

Paint  Thinner 

fl 

S 

R 

R 

S 

S 

Silicon  Tetrachloride 

U 

U 

U 

U 

U 

B 

Sulfur  Trioxide 

U 

U 

U 

U 

U 

B 

Titanium  Tetrachloride 

NT 

NT 

NT 

NT 

NT 

NT 

Toluene 

B 

S 

R 

R 

S 

S 

Vinyl  Acetate 

1 

s 

R 

U 

U 

U 

Vinyl  Chloride 

9 

NT 

NT 

NT 

NT 

NT 

Speci 

Foaas 


NT 

NT 

NT 

NT 

r1.3 

NT 

NT 

NT 

NT 

r2^3 

NT 

NT 

NT 

NT 

r2.3 

r2.3 

NT 

NT 

NT 


1  -  HaZMt  •! 

2  -  HazMt  #2 

3  -  Typ*  V 

X«y  for  Syabolt 
R  -  RoeowMndod 
S  -  Satisfactory 
U  -  Unsatisfactory 
NT-  Not  Tostad 


ant 


*Data  axtractad  fro*  Tha  Handbook  for  Using  Poaas  to 
Control  V*Por*  fro*  Hazardous  Spills  (Bvans  i 
Carrol,  1986)  and  qualitativa  cons idarat ions 
daaalopad  undar  this  work. 
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Fouf  viPCMi-soppnssiai  mbtbods  ra  chsis  ceiTCii.s 
TUX  rijOiT  OM  nm 

Introduction 

The  United  State*  Coait  Guard,  by  virtue  of  federal  legislation,  provides 
the  predesignated  federal  On-Scene -Coordinator  (OSC)  for  response  to  hazardous 
chenical  releases  occurring  in  the  coastal  zones.  Great  Lakes  waters,  and  inter¬ 
coastal  waterways.  The  responsibility  includes  nininization  of  the  hazardous 
iapacts  to  the  population  and  cleanup  of  a  variety  of  hazardous  cheaicals  that 
vary  greatly  with  their  behavior  on  water  and  with  hazards  associated  with  their 
release.  The  United  States  Coast  Guard  has  identified  over  1,100  hazardous 
Chenical  Hazard  Response  Infomation  Systea  (CHRIS)  cheaicals  that  are  trans¬ 
ported  on  coastal  and  intercoastal  waterways. 

i  handbook  covering  response  aethods  for  313  floating  CHRIS  cheaicals  was 
developed  for  the  OSC  (Szluha  et  al.,  1985).  The  handbook  outlines  the  sequence 
of  events  that  follow  the  release  of  aaterials. 

A  aajor  concern  associated  with  the  release  of  a  hazardous  chenical  is  the 
production  of  flaaaable  and/or  toxic  vapors  that,  when  dispersed  by  winds,  could 
adversely  affect  a  large  area.  An  efficient  technique  is  needed  to  reduce  the 
iapact  of  these  hazards.  Recent  research  on  aethods  for  vapor  aitigation  has 
concluded  that  the  aost  feasible  technique  to  acconplish  vapor  suppression  is 
the  application  of  an  aqueous  foaa  (Moran  et  al.,  1971;  Friel,  1973;  Greer, 

1976;  and  others).  This  paper  attenpts  to  establish  guidelines  for  the  appli¬ 
cation  of  the  wide  variety  of  foaas  available  on  the  aarket. 

Vapor  Suppreaaioo 

During  the  early  1970 's,  foaas  were  identified  as  a  aeans  of  suppressing 
vapors  froB  hazardous  cheaicals.  foaas  are  produced  by  using  vendor -supplied 
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foaa  concantratas  and  foaa  ganarating  aquipaant.  By  aixing  foaa  concentrates 
with  water  in  the  proper  proportions  and  entraining  air,  foaa  can  be  produced. 
The  foaa  produced  is  an  aggloaeration  of  air  bubbles  with  an  interstitial  aix- 
ture  of  water  and  foaa  concentrates.  Foaa  applied  to  a  volatile  cheaical 
reduces  the  aaount  of  vaporization  by  reducing  diffusion  and  by  insulating  the 
cheaical  against  radiant  and  convective  heat  transfer;  this  results  in  a  lower 
vapor  concentration  of  hazardous  cheaical. 

Foaa  Types 

Foaa  concentrates  have  the  ability  to  produce  foaa  because  they  contain  sur¬ 
face-active  agents.  These  surface-active  agents  lower  the  surface  tension  of 
the  solution  and  thus  enable  the  solution  to  foaa.  Foaa  types  can  be  cate¬ 
gorized  by  their  co^>ositions :  (1)  regular  protein  foaas;  (2)  fluoroprotein 

foaas;  (3)  surfactant  foaas;  (4)  aqueous  fila-foraing  foaas  (&FFF); 

(5)  alcohol-type  or  polar  solvent-type  foaa  (BTF);  and  (6)  special  foaas. 

Most  of  these  foaas  were  developed  for  firefighting  and  have  poor  vapor- 
suppression  qualities.  ATFs  and  special  foaas  have  been  engineered  for  better 
vapor-suppression  characteristics . 

The  ATFs  were  developed  to  coabat  hydrocarbon  and  polar  solvent  fuel  fires. 
These  foaa  concentrates  consist  of  an  AFFF,  a  regular  protein,  a  fluorocarbon 
surfactant,  or  a  fluoroprotein  base  with  a  aetal  stearate  and  polysaccharide 
additive.  The  aetal  stearate  is  added  as  a  foaa  stabilizer.  The  polysaccharide 
additive  coalesces  into  a  polyaeric  gel  at  the  cheaical/foaa  interface  when 
applied  to  a  cheaical  with  an  affinity  for  water.  This  tends  to  protect  the 
foaa  froa  the  destructive  action  of  the  cheaical. 
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For  choaicals  with  strong  affinities  for  water,  the  proportioning  con¬ 
centration  of  the  foae  concentrate  can  be  increased  to  protect  the  foae.  Foaa 
aanuf acturers '  specifications  contain  a  list  of  proportioning  concentrations  for 
classes  of  cheaicals.  The  polyaeric  gel  also  suppresses  vapors.  In  United 
tests,  &TFs  have  shown  good  results  for  the  suppression  of  hazardous  vapors. 

ATFs  are  useful  for  controlling  vapors  produced  froa  a  wide  range  of  flannable 
and  toxic  liquids.  ATFs  can  be  used  in  low-  and  nediua-expansion  ratios  (foaa 
volune/liquid  volune)  and  do  not  tolerate  large  shifts  in  pH. 

Special  foans  have  been  developed  for  specific  applications.  Hazaat  #1  and 
Haznat  #2*  have  been  narketed  for  use  on  alkali  and  acid  spills,  respectively. 
Type  V*  can  tolerate  a  pH  between  2  and  10  and  is  narketed  for  vapor  control  of 
spills  of  water  reactive,  volatile  cheaicals.  The  Type  V  foaa  can  be  applied  as 
low-,  nediua-,  or  hi^-expansion  ratios. 

Table  1  shows  a  foaa  application  natrix  for  sone  selected  floating  CHRIS 
cheaicals. 

Variables  Affecting  Foea  Vapor-Suppreaaioa  Efficiency 

The  variables  affecting  foaa  vapor-suppression  efficiency  are  foaa  quality, 
physical  properties  of  the  spilled  cheaical,  foea  behavior,  coapatibility 
between  the  foaa  and  cheaical,  and  environaental  conditions.  Foaa  quality 
refers  to  the  distribution  of  bubble  sizes  and  the  nixing  of  the  foaa  con¬ 
centrate  with  water.  Foans  with  a  broad  distribution  of  bubble  sizes  do  not 
suppress  vapor  as  well  as  foaas  with  unifom  saall  bubble  sizes.  Good  quality 
foaa  is  also  distinguished  by  a  hoaogeneous  nixture  of  foaa  concentrate  and 
water.  Good  foaa  quality  can  be  achieved  by  using  air  aspirate  nozzles  or  foaa 
generating  aquipaent. 
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TABLE  1.  FQAN  EVALUATION  FOR  SOME  SELECTED  FLOATING  CHRIS  CHEMICALS 


Group 

Protein 

Fluoroprotein 

Surfactant 

Aqueous  FI  In 

Alcohol 

CItoaical 

Foan 

Foaa 

Fean 

Fomino  Foan 

Type  Foan 

Hloh 

ALCOHOLS: 

Methanol 

NT 

NT 

NT 

NT 

NT 

RT 

Octanol 

SO 

SO 

SO 

SO 

SO 

RO 

aLUUVKS  AMb 

KETONES: 

i so-Buty 1  a I dehyde 

NO 

so 

NO 

NO 

NO 

RO 

Methyl  Butyl 

NT 

NT 

NT 

NT 

NT 

RO 

Ketone 

AMINES: 

Di-n>Propy1aa<ne 

HQ 

SO 

NO 

NO 

NO 

RO 

Triethylaaine 

NT 

ST 

NT 

U 

NT 

RT 

ETHERS: 

Ethyl  Ether 

NT 

NT 

NT 

NO 

NT 

RT 

N-Butyl  Acetate 

ST 

ST 

ST 

U 

ST 

RT 

Methyl  Acrylate 

NT 

NT 

U 

U 

NT 

RT 

"RWRSOBBJSJRl 

(ALIPHATIC) 

Ethane 

SO 

SO 

SO 

RO 

NO 

SO 

Hexane 

SO 

SO 

SO 

SO 

SO 

RO 

Octane 

ST 

ST 

ST 

u 

ST 

RT 

HYMod)AUNS: 
(AROMATIC  AMO 

ALICVCLIC) 

Benzene 

ST 

ST 

ST 

so 

ST 

RT 

Cyc 1 ohexane 

RT 

RT 

ST 

so 

ST 

RT 

Ethyl  henzane 

RT 

RT 

RT 

ST 

RT 

RT 

Toluene 

RT 

RT 

ST 

ST 

ST 

RT 

HYDROCARBONS: 

(INDUSTRIAL) 

GaaoUne 

RT 

RT 

RT 

RT 

ST 

RT 

Keroaene 

RT 

RT 

RT 

RT 

ST 

RT 

Naptha 

RT 

RT 

RT 

RT 

ST 

RT 

LiqUEFIE6 

ORGANIC  GASES: 

Ethylane  Oxide 

Vinyl  Chloride 

NT 

NT 

NT 

NT 

NT 

RT 

NO 

NO 

NO 

NO 

NO 

RT 

RT  -  RtcoRNRwOta  Damn  tn  tMtfnf 
RQ  -  Racb— Anrtita  bMAtf  on  Ruolltotivo  consitforatlono 
ST  -  Sotfofoctory  Dooo4  on  tootinf 
NT  -  Not  rocooNonOod  Doood  on  tootfnf 
U  •  Lloftod  daU  or  no  data;  capabilltlao  uncortain 
NQ  -  Not  rocoaNondod  Daoad  on  Rualltatlvo  conaldorationo 


D-4 


PART  II 


Th«  physical  propsrtiss  of  ths  spillsd  chsaicsl  will  also  affect  the  effi¬ 
ciency  of  the  vapor  suppression.  The  two  nost  i^wrtant  physical  properties  are 
the  vapor  pressure  and  the  solubility  of  the  chenical  in  water.  The  higher  the 
vapor  pressure,  the  higher  the  aaount  of  naterial  vaporizing.  Water  solubility 
can  be  used  to  neasure  the  pemeability  of  the  chenical  through  the  foan.  As  a 
rule  of  thuab,  higher  water  solubility  relates  to  increased  pemeation  through 
the  foan. 

Behavior  of  the  foan  is  also  important  to  vapor-suppression  efficiency.  The 
characteristics  of  inportance  are  the  drainage  rate  and  expansion  ratio.  The 
drainage  rate  of  foan  is  the  rate  at  which  excess  water  drains  fron  the  foan. 
This  is  quantified  as  quarter-drainage  tine  which  is  the  tine  needed  for  25  per¬ 
cent  of  the  liquid  volune  to  drain  fron  the  foan.  Longer  quarter-drainage  tines 
are  usually  reflective  of  nore  efficient  vapor-suppression  foans.  High-expan¬ 
sion  foans  are  generally  nore  efficient  at  suppressing  vapor  than  lower  expan¬ 
sion  foans.  Expansion  ratio  is  related  to  drainage  rates.  For  a  given  foan, 
increasing  the  expansion  ratio  will  increase  quarter-drainage  tines  and  thus 
inprove  vapor  suppression  efficiency. 

Conpatibility  between  the  foan  and  spilled  chenical  is  probably  the  nost 
inportant  consideration  in  foan  efficiency.  Sone  chenicals  have  the  ability  to 
collapse  foan.  These  chenicals  usually  have  an  affinity  for  water  or  an  ability 
to  cause  pR  shifts.  ATF  foans  have  proven  successful  for  vapor  suppression  for 
a  United  nunber  of  chenicals  that  are  known  to  collapse  foan. 

Invironnnntal  conditions  affect  vapor  suppression  in  several  ways.  Wind- 
induced  waves  vibrate  the  foan  and  thus  increase  the  rate  of  foan  collapse. 
Tei^rature,  hunidity,  and  intensity  of  sunlight  affect  the  anount  of  water  lost 
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from  th«  foaa  du«  to  ovaporation.  Loss  of  watar  causas  foaas  to  ba  susceptible 
to  collapse.  Rain  or  hall  can  adversely  affect  vapor  suppression  by  destroying 
the  foan. 

Guidelines  on  Foaa  Use 

The  efficiency  of  foae  vapor  suppression  is  dependent  on  the  spilled  cheei- 
cal  involved  and  is  hard  to  predict  accurately  without  prior  testing.  The 
interaction  between  the  foae  and  chemical  will  detemine  the  efficiency  of  the 
vapor  suppression.  Response  personnel  can  estimate  the  degree  of  vapor 
suppression  by  characterizing  the  spilled  chemical  with  some  key  physical 
properties.  Chemicals  that  are  polar  (dielectric  constant  >  2.5)  and  water 
soluble  have  a  strong  potential  to  degrade  or  quickly  saturate  the  foaa.  Both 
degraded  and  saturated  foams  provide  little  protection  from  the  associated 
hazards  of  the  spill.  ATFs  with  a  polysaccharide  additive  offer  protection  from 
polar  or  water  soluble  chemicals.  The  proportioning  concentration  of  the  ATF 
concentrates  can  be  increased  for  chemicals  with  a  strong  affinity  for  water. 

Ipplying  foaa  to  cryogenic  materials  or  low  boiling  point  materials  may  not 
be  an  effective  method  for  controlling  vapors.  Water  drainage  from  the  foaa 
acts  as  a  heat  source  increasing  vaporization.  The  rapid  vaporization  of  the 
chemical  can  cause  chimneys  in  the  foaa  or  foaa  collapse.  In  situations  where 
control  of  vapors  from  cryogens  or  low  boiling  point  materials  is  crucial,  some 
vapor  control  may  be  accomplished  by  using  a  slow-draining,  high-expansion  foam. 
The  initial  drainage  from  the  foaa  will  increase  vaporization  but  then  drop  off 
as  the  drainage  slows,  if ter  the  initial  increase  in  vapor  production,  tests 
have  shown  some  vapor  reduction  by  using  a  slow-draining,  hi^-expansion  foam 
(Cross  at  al.,  1982). 
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To  onsuro  the  aoit  efficient  suppression  of  vapor,  response  personnel  nust 
apply  foan  properly.  After  nixing  the  selected  foan  concentrate  with  water,  the 
foan  should  be  generated  with  air  aspirating  nozzles  or  foan  generating  units  to 
obtain  good  quality.  Foan  should  be  applied  indirectly  to  the  spilled  chenical 
surface  to  avoid  nixing  of  the  foan  and  chenical.  With  the  use  of  a  backboard, 
foan  can  be  gently  applied  to  the  chenical.  This  can  also  be  acconplished  by 
"rolling"  the  foan  onto  the  chenical  surface  by  aining  at  the  ground  or  a  rasp 
in  front  of  the  spill.  Response  personnel  nay  be  required  to  construct  sone 
nakeshift  ranp  or  backboard  for  foan  application.  Foan  generated  the  first  15 
to  30  seconds  should  not  be  used  because  it  is  poorly  nixed,  and  therefore  its 
ability  to  suppress  vapors  is  reduced  (Noman  and  DiNaio,  1986). 

The  contained  spill  should  be  conpletely  covered  for  suppression  of  vapor. 

If  the  spill  becones  partly  uncovered  due  to  wind  or  wave  action  (or  aging),  the 
foan  nust  be  reapplied  to  avoid  exposing  the  spill  to  the  atnosphere  and  thus 
increasing  the  hazards  to  response  personnel.  High-expansion  foans  are  nore 
susceptible  to  displacenent  because  the  foan  layer  for  high-expansion  foans  is 
thicker  than  that  for  low-  or  nediun-expansion  foans.  A  9-nph  wind  can  displace 
a  high-expansion  foan  layer  of  4  inches.  A  5-nph  wind  can  displace  a  6-inch 
foan  layer  (Robinson,  1979). 

Foans  lose  their  ability  to  suppress  vapors  due  to  aging  or  environnental 
effects.  Response  personnel  can  judge  effectiveness  of  the  foan  by  observing 
or  nonitoring  vapor  concentrations.  If  the  foan  has  lost  its  effectiveness, 
another  layer  of  foan  nust  be  applied  to  ensure  the  safety  of  response  person¬ 
nel.  Foan  can  becone  saturated  with  vapors  fron  the  chenical  and  thus  create 
the  potential  for  ignition.  A  reapplication  of  foan  on  top  of  the  saturated 
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foaa  would  provide  a  barrier  for  protection  against  ignition  as  well  as  suppress 
vapors  issuing  froa  the  saturated  foaa. 

Foaa  aanufacturers '  results  for  vapor-suppression  efficiency  are  based  on  a 
saall  bench  scale  apparatus  or  a  beaker  test.  Owing  to  experiaental  setup, 
these  results  are  probably  indicative  of  land-based  spills.  Response  personnel 
should  be  aware  of  test  conditions  leading  to  aanufacturers'  results  for  vapor 
suppression  when  considering  foaa  applications  to  spills  on  water  surfaces. 

Mechanisas  of  Vapor  Suppression 

Data  for  vapor-suppression  efficiency  and  duration  for  the  313  floating 
CHRIS  cheaicals  would  be  beneficial  to  response  personnel;  however,  obtaining 
such  data  would  be  both  tine  consuaing  and  costly.  The  aechanisas  of  vapor 
suppression  by  foaa  have  been  identified  froa  a  theraodynaaic  analysis  of 
foaa/cheaical  interface.  Presently,  a  coaputerized  aatheaatical  aodel  based  on 
the  identified  vapor-suppression  aechanisas  is  being  constructed.  A  aajor 
obstacle  to  overcoae  for  proper  verification  of  the  aatheaatical  aodel  is 
reliable  test  data  for  foaa  vapor  suppression.  Proposed  research  by  the  United 
States  Coast  Guard  and  the  Cnvironaental  Protection  Agency  should  supply  the 
needed  data  for  verification  in  the  near  future. 

To  understand  the  aechanisas  of  vapor  suppression,  one  oust  begin  with  the 
structure  of  the  foaa.  Foaa  applied  to  the  surface  of  a  vaporizing  cheaical 
offers  a  aediua  less  favorable  for  diffusion  than  air.  The  foaa  foras  a  barrier 
with  a  hi^  resistance  to  both  convective  and  aolecular  diffusion  as  well  as  an 
ability  to  absorb  vapors.  Collectively,  this  results  in  a  reduction  in  the 
concentration  of  the  diffusing  coaponent  in  the  vapor  space  above  the  foaa.  An 
ii^rtant  variable  related  to  the  efficiency  of  vapor  suppression  is  the  water 
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solubility  of  ths  ▼aporizing  chazical.  It  is  proposed,  on  the  basis  of  similar 
situations  of  diffusion  of  gas  into  bubbles,  that  the  controlling  step  in  the 
suppression  of  vapor  is  the  diffusion  of  the  gas  through  the  bubble  vail.  For 
convenience,  chemicals  will  be  divided  into  two  categories  -  soluble  and 
insoluble  in  water. 

The  characteristics  of  insoluble  cheaicals  will  be  discussed  first.  In 
early  foaa  life,  the  priaary  barrier  to  gas  peraeation  is  the  foaa  laaellae 
(bubble  wall),  which  are  predominately  water.  The  ability  of  gas  to  peraeate  is 
proportional  to  the  product  of  its  solubility  and  diffusivity  in  the  lamellae 
(Cheng  and  Lealich,  1986;  Li,  1971).  Foaa  concentrates  are  generally  mixed  with 
between  2  and  10  percent  water  to  produce  foaa.  The  concentrates  are  typically 
made  up  of  around  40  percent  organic  solvents  and  around  40  percent  surface- 
active  agents.  The  organic  solvents  are  usually  glycol  ethers,  such  as  butyl 
ethoxy  ethanol.  The  surface-active  agents  include  sodiua  laryl  sulfonates,  pro¬ 
teins,  or  synthetic  fluorinated  hydrocarbons.  Foaa  concentrates  also  contain  a 
variety  of  additives  for  foaa  stability,  foaa  protection,  and  optical  deter¬ 
mination  of  foaa  concentration.  As  the  foaa  drains  (drainage  is  proposed  to  be 
mostly  water),  the  concentration  of  the  surface-active  agents  and  solvents 
increases.  This  results  in  a  aixture  that  is  aore  favorable  for  peraeation. 

The  greatest  resistance  to  diffusion  is  offered  at  the  cheaical/foaa  interface 
because  the  foaa  there  is  the  last  to  drain  to  the  aore  desirable  concentration 
for  diffusim.  Therefore  a  seaiperaeable  barrier  is  produced.  The  persistence 
of  this  barrier  is  proportional  to  the  drainage  rate  of  the  foaa  (Gross,  1982). 

The  foaa  barrier  for  chemicals  that  are  soluble  in  water  is  such  the  sane  as 
that  stated  above.  The  only  two  differences  are  that  the  chenical  is  aore 
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permeable  through  the  laaellea  during  early  foam  life  and  the  physical  charac¬ 
teristics  of  soluble  chemicals  may  affect  the  stabilizing  forces  in  the  foam. 

The  mechanism  of  vapor  transport  through  the  foam  bubble  matrix  is  one  of 
slow  permeation  through  the  bubble  walls.  Vapor  suppression  immediately  after 
the  application  of  foam  is  probably  aided  by  a  washing  effect  from  the  draining 
foam.  This  effect  is  short  lived,  especially  for  low-  and  medium-expansion 
foams,  which  drain  quickly.  After  the  washing  effect  ceases,  the  resistance  to 
diffusion  is  from  the  bubble  wall.  Little  resistance  to  diffusion  is  offered 
by  internal  gas  of  the  bubbles;  therefore  the  proposed  limiting  step  for  vapor 
suppression  by  foam  is  the  diffusion  of  gas  through  the  bubble  wall  (MAXIMA, 
1987). 

Mass  Transport  effects 

Since  the  proposed  controlling  step  for  the  transport  of  vapor  through  the 
foam  is  the  diffusion  of  gas  through  the  bubble  wall,  mathematical  expressions 
are  needed  to  describe  the  solubility  of  gas  in  the  bubble  wall.  The  con¬ 
centrations  of  the  bubble  wall  change  during  drainage  to  a  composition  more 
favorable  for  diffusion.  The  thickness  of  the  bubble  walls  and  their  geometry 
also  change  during  drainage.  In  early  foam  life,  bubbles  are  spherical  and  the 
bubble  walls  are  relatively  thick.  As  the  foam  drains,  the  bubble  walls  become 
thin  and  the  shape  of  the  bubbles  changes  from  spherical  to  polyhedral. 

Together,  the  lowering  in  the  concentration  of  water  and  the  thinning  of  the 
bubble  walls  create  a  system  that  is  favorable  for  mass  transfer  of  the  chemical 
through  the  foam. 

The  proposed  mathematical  treatment  of  the  mechanism  incorporates  a  method 
outlined  by  Prausnitz  (1969).  The  system  is  characterized  as  gas  solubility  in 
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■ixed  solvents.  Henry's  law  states  that  the  concentration  of  the  solubilizing 
cheaical  in  the  liquid  phase  is  proportional  to  tha,  of  the  gas  phase. 

~  Yi  ^  solvent  *i  (1) 

where  -  fugacity 

Xj^  -  liquid-phase  aole  fraction 
Yi  “  gas 

Hi,  solvent  -  Henry's  constant 

The  gas-phase  fugacity  coefficient,  #,  at  low  pressures  is  equal  to  unity. 

The  Henry's  constant  for  the  eixture  can  be  calculated  froe  the  following 
equation  derived  by  Prausnitz  and  O'Connell  (1964): 

In(H2,.)  =  X  Xi  ln(H2j)  -  I  Z  “ij  Xi  yjj  (2) 

The  constant  a^j  can  be  calculated  froa  the  following  derived  equation  to 
account  for  polar  solvents: 

(ui  ♦  Vj)  Xi  w/kT 

“ij  “  _ 

2  vj  ♦* 

where 

Xi  Vi 

- 

IXi  Vi 

Vi  -  liquid  aolar  volume 
k  -  Boltzaan's  constant 
w  -  interchange  energy 

The  liquid  aolar  volume  can  be  estimated  by  a  method  given  in  The  Properties  of 
Gases  and  Liquid  (Reed  et  al.,  1977).  This  method  utilizes  empirical  parameters 
based  on  the  structure  of  the  molecule. 

After  the  solubility  of  the  cheaical  into  the  bubble  wall  is  determined,  the 
diffusion  of  cheaical  through  the  foam  can  be  calculated  by  the  equation  com¬ 
monly  used  for  mass  transfer  operations: 


(3) 


(4) 
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"  =  ‘(Xb  -  Xi)  (5) 

where  N  -  nuaber  of  aoles  of  cheaical  absorbed  by 
unit  volume  per  unit  tiae 
kj£  -  mass  transfer  coefficient 
a  -  interfacial  area 

X  -  concentration  of  the  diffusing  chemical 
in  the  bulk  solution  and  at  the  interface 


The  mass  transfer  coefficient  can  be  calculated  from  a  equation  derived  by 
Cheng  and  Lealich  (1986): 


P 


®2.a  Dr3,2 


3  D(l-D' 


(6) 


Df3  2  “  sauter  mean  bubble  radius 
0  -  diffusivity 

D*  -  volume  of  foam  that  is  liquid 

This  equation  is  based  on  the  diffusion  of  gas  between  bubbles.  The  result  from 
Eq.  6  is  in  units  of  centimeters  per  second. 


The  preceding  calculations!  scheme  reduces  the  problem  to  a  single  overall 
resistance  due  to  the  application  of  foam.  This  resistance  is  based  on  the  pro¬ 
posed  rate-controlling  step  of  the  diffusion  of  vapor  through  the  bubble 
lamellae.  For  variances  over  time,  the  calculational  scheme  will  take  advantage 
of  the  fitted  drainage  equation  to  account  for  the  drained  water  from  the  foam. 
If  the  volume  drained  is  known,  a  new  expansion  ratio  of  the  foam  can  be  calcu¬ 
lated  from  Eq.  6.  The  interfacial  concentration  in  Sq.  5,  which  is  initially 
assumed  to  be  zero,  can  be  increased  over  the  foaa  life  to  account  for  the 
saturation  of  the  foam  by  the  diffusing  gas. 


An  attempt  to  account  for  the  foam  lifetime  (reapplication  time)  can  be  made 
by  using  results  from  de  Vries  (1957).  de  Vries  combined  the  classical  law  of 
Laplace  and  Young  with  a  form  of  Pick's  law  of  diffusion  to  yield  the  following 
equation: 
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t  «  P«  r2  (7) 

2  RTJ  T 

wher*  Pa  -  lurrounding  pressure 
r  -  the  bubble  radius 
y  -  the  surface  tension 
J  -  1/P 

T  -  absolute  te^>erature 
K  -  gas  constant 

Eg.  7  estiaates  the  lifetiae  of  a  saall  spherical  bubble  on  the  basis  of  dif¬ 
fusion  of  gas  between  bubbles.  As  the  vapor  froa  the  cheaical  spill  saturates 
the  foaa.  Eg.  7  can  be  recalculated  to  yield  the  estiaated  bubble  lifetiae. 

Also,  froa  the  drainage  eguation,  the  concentrations  of  solvent,  surface-active 
agents,  and  water  will  change  over  tiae.  The  solubility  of  the  diffusing  gas 
in  this  aixture  can  be  adjusted  by  Egs.  1  and  2  to  account  for  the  changing 
coaposition  of  the  laaellae. 

Conclusions 

The  proposed  calculational  schcae  is  based  on  a  single  resistance  offered  by 
the  foaa.  The  calculational  scheae  can  account  for  variances  in  the  bubble 
wall  coaposition  over  tiae.  The  results  froa  the  aodel  will  be  a  theoretical 
percent  reduction  in  vapor  and  reapplication  tiae.  Figure  1  shows  a  flow 
diagraa  of  the  proposed  calculational  scheae. 

There  are  several  liaitations  to  the  proposed  calculational  scheae.  The 
eguations  used  to  deteraine  the  solubility  of  the  gas  in  the  bubble  wall  reguire 
inforaation  about  the  foaa  concentration  which  aay  not  be  available.  Estiaation 
technigues  can  be  eaployed  to  obtain  the  needed  physical  properties,  but  they 
aay  not  offer  an  accurate  answer.  The  aodel  proposed  accounts  for  physical 
effects  but  does  not  account  for  cheaical  effects  on  solubility.  In  cases  where 
cheaical  effects  are  doainant  over  physical  effects,  the  proposed  aethod  aay 
grossly  unde^’estiaate  the  transport  of  vapor  through  the  foaa.  Presently,  no 
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Mthod  exists  for  a  quantitative  analysis  of  chenical  effects  on  solubility.  & 
quantitative  analysis  could  be  accoeplished  but  would  require  experiaental  data, 
which  are  not  available. 


The  aodel  also  does  not  account  for  environaental  effects  on  transport 
nechanisM  or  foan  quality.  The  systee  analyzed  is  a  theoretical  ideal 
situation  on  a  snooth  water  surface.  Also,  the  aodel  does  not  account  for 
changes  in  the  teaperature  of  the  cheaical  pool.  It  is  proposed  that  the  heat 
transfer  froa  the  water  is  counterbalanced  by  the  auto  cooling  by  the  pool  to 
aaintain  the  pool  te^Mrature  at  initial  conditions. 


The  calculations!  scheae  is  based  on  sound  theraodynaaic  relationships  and 
aass  transfer  principles.  The  response  personnel  aust  use  their  judgaent,  based 
on  the  environaental  conditions,  to  deteraine  what  degree  the  theoretical 
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APnODIX  1 

KMncLnuu 

a 

Constant  in  Bq.  1  or  intar facial  araa,  araa/voluac 

«ij 

Binary  interaction  paraaatar 

b 

Constant  in  Eq.  1 

Bt 

Thickness  of  diffusion  space 

D 

Diffusivity,  area/tiae 

Br3,  2 

Sauter  »ean-bubble  diaaeter 

D' 

Liquid  foaa  fraction 

Gx 

Liquid  aass  velocity,  g/a^-sec 

Gy 

Gas  aass  velocity,  g/a^-sec 

«2,« 

Henry's  constant 

I 

Ionization  potential 

k 

Boltzaann's  constant 

^‘x 

Liquid  aass-transfer  coefficient 

M 

Holecular  weight 

N 

Mass  flux,  aoles/voluae-tiae 

P 

Vapor  pressure,  aa  Hg  or  peraeability.  ca/sec 

Pa 

Ataospheric  pressure,  g/ca^-sec 

R 

Drainage  rate  or  gas  constant 

r 

Bubble  radius  or  separation  distance,  Eq.  16 

S 

Vaporization  rate,  g/ca^  hr 

1  T 

Absolute  teaperature,  ^ 

1 

Slip  Velocity 

Velocity  coi^nent  of  vapor 

1 

Velocity  coBponent  of  liquid 

V 

Wind  speed,  ca/sec 

1 

1 

i' 
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Vx  Liquid  velocity  cooponent,  n/sec 

Vg  Gas  velocity  conponent,  a/sec 

X  Liquid  aole  fraction 

y  Gas  aole  fraction 

Greek  Letters 

a  Average  polarizability 

6  Solubility  paraaeter 

#  Voluae  fraction  defined  by  Eq.  7 

#  Pugacity  coefficient 

r  Potential  energy  function 

T  Surface  tension,  g/sec^ 

M  Dipole  aoaent,  debyes 

V  Liquid  aolar  voluae 

p  Molar  density 

T  Bubble  lifetiae 

X  Diaensionless  paraaeter  defined  by  Bqs.  13  and  14 

?  Voluaetric  fraction  of  the  dispersed  phase 

w  Interchage  energy 

Other  Syabols 
/  Pugacity 
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